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ABSTRACT 
There has been an increasing world interest in clean renewable 
energIes ( mainly radiation and wind energies ) due to the minimal 
environmental problems resulting from their use. The continuos depletion 
of conventional energy resources and the growing world concern about the 
environment have lead to extensive research and development efforts in 
order to improve the energy conversion efficiencies and economics of 
devices utilizing solar energy. However, it is important to identify first the 
potential of available energy resources in the site where renewable energy 
is to be utilized. 
Meteorological information are critical to the assessment of the 
energy resources available and to the performance of many different types 
of renewable energy systems. Potential of the renewable energy 
( radiation and wind ) available is strongly influenced by climate factors 
such as air temperature, relative humidity, sunshine duration and natural 
energy supply. Solar radiation is strongly weather dependent. 
In the United Arab Emirates weather conditions are monitored by 
meteorological stations across the country and weather data are collected 
by the various meteorological agencies who are running those stations. But 
unfortunately, not all of these data are dependable, because most of those 
IV 
data are taken on recording tapes from unattended instruments with no 
maintenance and calibration. Therefor, in this thesis we depended on the 
meteorological data taken at aeronautical stations with on site observers 
and regular maintenance and calibration. 
In the present study, the total and diffuse measured radiation as well 
as other meteorological data were collected from various stations. The 
available data of solar radiation were statistically analyzed and treated then 
were compared to the theoretical prediction of solar radiation using several 
models. Alnaser's model was found to give the best agreement with the 
available data (very low percentage difference for total radiation, 1.13 %, 
when compared to Abu-Dhabi airport total radiation data for the period 
1982-1996 ). Therefore, it is used to predict the total and diffuse radiation 
for other stations which have the required meteorological data. Solar map 
of the total radiation over United Arab Emirates was produced using the 
values obtained by Alnaser's model. It is concluded that solar radiation 
energy as a clean energy source is abundant in the United Arab Emirates 
with excellent prospects for future use in the photovoltaics and solar 
thermal applications especially in remote areas. 
Hourly Abu-Dhabi wind data were collected for the period from 
1991- 1996. The hourly wind data for Sharjah, AI-Ain and Fujeirah 
v 
airports were also collected for the year 1996. Long term wind data were 
obtained for selected stations. These data have been statistically analyzed, 
also the wind at higher altitude was found using a statistical law, an 
equation was used to get the maximum power that can be extracted from 
the wind for these stations with different sweep area of the wind turbine 
blades at 10 and 50 meters height above the ground surface. 
A final conclusion can not be reached regarding wind as an energy 
source because wind is highly effected by the local site features, and 
mesoscale analysis is the best method for an accurate measurement of 
wind speed since it is the most important parameter in wind power. In 
general wind energy is to some extend a promising energy source, 
especially over the coastal areas and at higher altitude. 
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CHAPTER ONE 
INTRODUCTION 
2 
CHAPTER ONE 
1.1 Genera l .  
Due to the continuos depletion of the conventional energy sources 
(fossil fuels), great attention has been focused recently on the feasibility of 
using renewable energy sources to satisfy human energy needs. Conventional 
energy sources also induce several environmental problems caused by 
industrial, domestic and transportation activities. These include air pollution 
due to the emission of sulfur and nitrous oxides, smoke, particulate, carbon 
dioxide (causing the global warming phenomenon), thennal discharge, etc. A 
summary of the major environmental impact caused by the fossil fuels ( oil, 
coal and natural gas ) is provided ( table 1.1 ) . Other non-conventional energy 
sources include nuclear energy. Nuclear fission power plants have their own 
environmental, safety and political challenges in spite of the low cost of 
nuclear energy. Nuclear fusion, however, is not expected to reach the 
developed state which allows commercial application before the middle of the 
next century ( Khalil and Alnaijar, 1995 ) . 
rr, 
Table t.l Major environmental impacts of fossil fuels 
Fuel Extraction 
Coal Destruction of wild life habitat, soil erosion from 
road ways and mine sites, sedimentation, aquifer 
depletion and pollution, acid mine drainage, 
subsidence, black lung disease, accidental death. 
Oil Offshore leaks and blowouts causing water 
pollution and damage to fish, shellfish, birds, 
and beaches; subsidence near wells 
Natural gas Subsidence and explosion 
Source: Daniel Chiras, 1991. 
Transportation End users 
Air pollution and noise from Air pollution from power plants and 
diesel trains. factories especially acid pollutants 
and carbon dioxide, thermal 
pollution of waterways. 
Oil spills from ships or Air pollution similar to that from 
pipelines. coal 
Explosion, land disturbance Fewer air pollutants than coal and 
from pipelines oil, but nitrogen oxides and carbon 
dioxide. 
F or these reasons, there has been an increasing world interest ill 
renewable energies (mainly solar and wind) due to the minimal environmental 
problems resulting from their use. 
Extensive research works are carried out in different research institutions 
for developing new materials and designs in order to improve the low energy 
conversion efficiency and economics of renewable energies. The relatively 
high capital cost of complete renewable energy system will eventually go 
down as more efficient and cheaper materials and higher technologies are 
developed. The cost will be competitive with other power generation schemes 
as the market expands. Table ( 1.2 ) shows the trend of cost for the year 2000 
for the different energy sources. 
Table 1.2 Average electrical generation costs ( USA cents per kWh ) 
&mrce Cents per kilowatt-hour 
1989 
Solar photovoltaic 20 - 40 
Solar thermal 8 -12 
Wind 7 - 9  
Nuclear 15 
Coal 7 
Natural gas 6 
Oil 6 - 9 
Hydroelectric 3- 6 
Geothermal 6 
Source: Miller, 1993 and Daniel 1991 
2000 
6 -18 
5 
4 - 5  
not available 
not available 
not available 
not available 
3- 6 
4 - 6 
5 
The Arab countries which occupy a geographical zone stretching from the 
Atlantic ocean in the west to the Indian ocean on the east and from middle 
Africa in the south to the Mediterranean coast in the north, receives an average 
global radiation on a horizontal surface of about 5.0 kWhlm2/day. This means 
that the Arab countries receive a huge amount of free energy which can not be 
ignored. According to Sayigh, the amount of energy received from the sun per 
day is equivalent to 34.25x 108 MWh of electricity if solar cells are used with 
an efficiency of only 5%, this is equivalent to 383.75 million barrels of oil per 
day ( Guzzi and Justus, 1988 ) . So again this amount of free energy must not 
be ignored and it should be utilized. 
The most important parameter in utilizing solar radiation energy is the 
radiation data. They must be accurate and available prior to any solar energy 
assessment or utilization. Solar radiation energy assessment can be done in a 
certain location if it is based on: 
• The use of regularly calibrated instruments ( pyranometer for total or 
global radiation and diffuse radiation, pyrheliometer for direct radiation ) . 
• The extrapolation of one set of data for a given location to another 
location of a similar latitude, altitude and surroundings. 
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• The use of some meteorological data such as temperat ure, relative 
humidity and sunshine to make proper estimate of t he total ra diation. 
The t hird method is more reliable in p redicting and obtaining accurate 
data of solar radiation in the United Arab Emirates because of the lack of 
enough equipment for measuring the solar radiation and since most of data 
av ailable in UA E a re taken from instrument that have never been calibrated. A 
pyranometer shoul d be c alibrated every six months and in the worst cases once 
every ye ar (Gu zzi an d Justus , 1988 ), in our case, most of the pyranometers 
used were not calibrated for more than 8 years and even more for some 
stations. Only the civil aviation authorities had done the calibration for their 
equipment , to be more specific , the only reliable data available are the one 
t aken at Abu -Dhabi international airport station which is the on ly station which 
have long term tot al an d di ffuse radiation data. 
In this thesis sever al models , namely Page 's ,  Riet veld 's ,  Glover an d 
McCulloch 's ,  Gop inath an 's and Alnaser 's models have been use d to estimate 
the tot al ra diation in Abu -Dhabi airport . The results have been compared to the 
me asure d ra diation data, and the best model is then used in estimating the tot al 
ra diation for other stations which have the require d meteorologic al data 
espec i ally the sunshine duration, me an maxi mum temperature and relative 
humi di ty.  
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In regarding wind as an energy source, the wind speed is the most 
important parameter in determining the wind energy available to a wind 
turbine. Because wind power is a cubic function of its speed, any changes in 
speed produce a great change in power. That is why wind data has been 
collected from different stations and analyzed according to time ( hourly and 
month wise beside long term means ). Also the wind frequencies for certain 
stations are given. The maximum theoretical power that can be extracted from 
a wind turbine has been calculated for different stations at different altitudes 
and with different wind turbine sweep areas. 
1.2 The Solar Radiation. 
1 .2. 1 General.  
The earth intercepts only a small fraction of the energy radiated by the 
Sull. Much of that energy is reflected or dissipated in the atmosphere. Even so, 
the total solar energy reaching the earth's surface far exceeds the energy needs 
of the world at present and for the foreseeable future. The sun can be expected 
to go on shining for approximately 5 billion years- in other words, the resource 
IS inexhaustible, which contrasts sharply with nonrenewable sources like 
uranium or fossil fuels. Sunlight fall on the earth without mining, drilling, 
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pumplllg, or disruption of the land. Sunshine is free; it is not under control of 
any company or country, and it is not subject to embargo or other political 
disruption of supply. The use of solar energy is essentially pollution free. It 
produces no hazardous solid wastes, air or water pollution, or noise. For most 
current applications, solar energy is used where it falls, thereby avoiding 
transmission losses. All these features make solar energy an attractive option 
for the future ( Microsoft, 1998 ) . 
1 .2.2 Composition and Structure of the Sun. 
S� by the gravitational effects of its mass, dominates the planetary 
system that includes the earth. By the radiation of its electromagnetic energy, 
the sun furnishes directly or indirectly all of the energy supporting life on earth. 
The total amount of energy emitted by the s� in the form of radiation, is 
remarkably constant, varying by no more than a few tenths of 1 percent over 
several days. This energy output is generated deep within the sun. Like most 
stars, the sun is made up primarily of hydrogen (specifically, 71 percent 
hydrogen, 27 percent helium, and 2 percent other, heavier elements). Near the 
center of the sun the temperature is about 16,000,000 K ( it ranges between 
15xl06 to 40xl06 K) and the density is 150 times that of water (150 gm/cm3). 
Under these conditions the nuclei of individual hydrogen atoms interact, 
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undergoing nuclear fusion. In this process two hydrogen nuclei combine to 
make one helium nucleus, and energy is released in the form of gamma 
radiation( Microsoft, 1998 ). 
1 .2.3 Sola r Energy. 
Radiant energy produced in the sun as a result of nuclear fusion reactions 
gets transmitted to the earth through space in quanta of energy called photons, 
which interact with the earth's atmosphere and surface. The strength of solar 
radiation at the outer edge of the earth's atmosphere when the earth is taken to 
be at its average distance from the sun( about 150,000,000 Ian) is called the 
solar constant ( solar constant is the energy from the sun, per unit time, 
received on a unit area of surface perpendicular to the direction of propagation 
of the radiation at the earth's mean distance from the sun, outside the 
atmosphere). According to the latest report, the mean value of solar constant is 
1376 Wm-2 ( Alnaser, 1992 ), it is equal to 2 calories per min per cm2. The 
intensity is not constant, measurements from satellite showed variation within 
limits of ± 0.2 percent over a time when sunspot activity was very low (Duffie 
and Beckman, 1980). The intensity of energy actually available at the earth's 
surface is less than the solar constant because of absorption and scattering of 
radiant energy as photons interact with the atmosphere. 
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1 .2 .4 Solar Energy Availabil ity Prediction. 
Knowledge of the incident solar radiation is of great importance when 
designing any solar energy at a site. The best information is obtained by long 
term measurements of solar radiation at the location of the site. However, for 
places where such measurements are not available due to the lack of the 
necessary equipment, solar radiation can be estimated by the use of theoretical 
models and empirical correlation. 
The amount of solar energy radiation received on the earth's surface is 
attenuated by the terrestrial atmosphere. On a clear day it may reach the 
ground level after having been depleted by 15% of its original value outside the 
atmosphere. This attenuation is caused by the following factors: 
• Scattering by molecules much smaller than the wavelength of the 
radiation . 
• Selective absorption by gases present ill the atmosphere and 
particularly by 03, O2, H20, CO2. 
• Scattering by aerosols ( dust, smoke, pollen, etc. ) of size 
comparable to or larger than the wavelength of the radiation; and scattering 
and absorption by cloud masses. 
Therefore the solar radiation reaching the earth is made of direct, 
diffuse, and reflected radiation. 
1 1  
Several scientists attempted to estimate the solar radiation usmg 
climatological data. Climatological data such as temperature, humidity, 
sWlshine hours, rainfall, and to some extent, cloudiness have been measured 
for a long period of time. For example in the United Arab Emirates there are 
about 15 years record and even 20-30 years for a few stations. 
So the lack of solar radiation measurement in many places should not act 
as a deterrent to solar energy research because it is possible to obtain solar 
radiation data either by: 
• The known solar radiation data for a given location and applying 
them to locations having the same climate, latitude, and topography . 
• The meteorological data, latitude, and topography of the location in 
estimating their solar radiation. 
In his book, solar energy engmeermg, Sayigh suggested that some 
parameters such as sunshine hours, latitude, altitude, temperature, and relative 
humidity are related to solar radiation, some more than others. 
1 .2.5 Natural  Transformation of Sola r Energy. 
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Natural collection of solar energy occurs in the earth's atmosphere, oceans 
and plant life. Interactions of sun's energy with the oceans and with the 
atmosphere produces the wind, which have been used for centuries to tum 
windmills. 
Approximately 3 0  percent of the solar energy reaching the outer edge of 
the atmosphere is consumed in the hydrologic cycle, which produces rainfall 
and the potential energy of water in mountain streams and rivers. The power 
produced by these flowing waters as they pass through modern turbines is 
called hydroelectric power. 
Through the process of photosynthesis, solar energy contributes to the 
growth of plant life (biomass) that can be used as fuel, including wood and 
fossil fuels that are derived from geologically ancient plant life. Fuels such as 
alcohol or methane can also be extracted from biomass. 
The oceans also represent a form of natural collection of solar energy. As 
a result of the absorption of solar energy in the ocean and ocean currents, 
temperature gradients occur in the ocean. In some locations, these vertical 
variations approach 200e over a distance of a few hundred meters 
( Microsoft, 1998 ) 
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1 .2.6 Solar Radiation as an Energy Resou rce. 
Solar energy is one of the energy resources with a wide geographical 
distribution. Nowadays its contribution to the world s energy supply is very 
small, but it is considered an important long term option which will satisfy, 
together with conventional energy sources, the energy needs of the world in the 
future. 
Solar energy may contribute to a sustainable economic and environmental 
development in the future. However, an adequate institutional policy needs to 
be implemented to increase the progress of technology, which is linked to 
social problems. Likewise, the role that the climatologists have in providing 
information and advice regarding the potential of the solar resource is essential 
in the development of the different systems of solar energy. 
1 .2.7 Main Types of Solar  Radiation Energy Systems and Their Uses: 
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The mam types of solar radiation energy systems, and their applications, 
and the climatic requirement of these systems are discussed in the following 
sections. The solar energy systems can be divided in to two main systems: 
1. Thermodynamic Systems. These systems are either passive or active 
solar system; 
A. Passive solar systems which can be divided to: 
• Direct-gain systems. 
• Thermal storage wall systems. 
• Sun spaces systems. 
B. Active solar systems that may be: 
• Thermal stationary systems. 
• Thermal sun-tracking systems. 
II. Photovolta ic Systems. 
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Thermodynamic Systems: 
Since ancient times, the thennodynamic converSiOn has been the most 
studied and exploited way of solar energy utilization. Its main objective is to 
capture solar radiation and convert it into heat by the exposure of a surface 
(collector) that increases its temperature. The heat is then transferred to a fluid 
such as water, air or oil, and transfonned into mechanical or electrical energy. 
Passive Sola r Systems: 
Passive solar systems are one of the most ancient technologies for the use 
of solar energy, mainly in solar design and architecture for heating and cooling 
buildings. The main types of passive solar technologies are: 
Direct - Gain Systems: 
In these systems, the solar energy is collected by a vertical south facing 
window in the northern hemisphere. The energy gained during the day is 
absorbed and stored by the building components (floor, walls, ceiling) for its 
utilization at night ( Figure 1.1 ) . 
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Thermal  Storage Wal l  Systems: 
This system include a wall behind the south facing window that acts as a 
heat collector. The heat absorbed is distributed, by radiation and convection to 
the rest of the building. The main advantage of these systems is to isolate the 
interior from extreme conditions, avoiding the temperature fluctuations of the 
rooms behind the wall, which in turn are kept from the direct light that may be 
annoying or may cause material damage. This is of particular interest in 
climatic zones with sunny but cold winters ( Figure 1. 2 ). 
Sun Spaces Systems: 
This system is a combination between the direct-gain and the thermal 
storage wall systems forming a type of greenhouse between the window and 
the south facing construction (Figure 1.3 ) . 
Application : 
The passive solar systems are mainly used for: 
• The conditioning of the building environment, providing heat during 
winter and preventing overheating during summer. 
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PASSIVE SOLAR ·SYSTEMS. 
1 8  
• Heating greenhouses. 
• Drying agricultural products. 
Aside from the orientation and form of a building the construction 
materials are very significant. Building techniques vary from one region to 
another because the needs for heating, cooling and day-lighting are highly 
affected by the local climate and the passive design tends to be specific for any 
given area. The principal advantage of passive solar systems is that the 
building components can serve a dual purpose. Because windows, for 
example, are both solar collectors as well as an integral part of any building, 
the extra cost of solar collection can be relatively small (Robles-Gil, 1997). 
The designers of passive solar systems require information on global solar 
radiation and sunshine duration . Besides, climatological parameters such as 
temperature, wind direction and speed, humidity and evaporation are required 
(WMO no. 172, 1981). 
Active Solar Systems: 
Heat is needed in many applications and at different temperatures. It 
repr.esents the largest share of all types of useful energy. The components and 
systems to convert solar radiation to heat take on many forms. In size, they 
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ra nge from the simplest solar col lector with a rated power o f  a few hundred 
watts to solar power stations o f  several hu ndred me gawat ts .  Accordin g to the 
temperatures required (low, medium and high), some systems only need to 
create a temperature di fference o f  a few degrees, whereas others are expected 
to reach extremely high temperatures . Active systems may be considered for 
heatin g and coolin g, electricity generation and process heat . The active thermal 
systems may be station ary or sun-trac kin g; 
• Thermal Stationary Systems : The solar ener gy in these systems is 
captured by a stationa ry col lector which converts the solar energy into heat 
and then trans fers it into a fluid ( Fi gure 1.4) . 
• Thermal Su n-Trac king Systems : To obtain medium or hi gh 
temperat ures (more th an 250°c ) with the use o f  solar ener gy, it is necessa ry 
to use col lectors gi ving hi gher concentration than what is obt ai ned w ith the 
station ary solar co llectors . The hi gh concentration col lectors need to reflect 
the so lar beam in very smal l areas compared to the capturin g area . To 
achieve this, the co llectors have to be ab le to follow the dai ly apparent 
movement o f  the sun ( Fi gure 1 . 5 ),( Robles -Gi l, 1997). 
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Photovolta ic Systems: 
Photovoltaic system is based on a technology in which radiant energy 
from the sun is converted into electricity. The photovoltaic effect was first 
observed by Becquerel in 1839, who noticed that the current generated by an 
electrochemical cell would increase by shining a light beam on one side of the 
cell. This technology was not considered a viable power source until the mid-
1950 s when the first silicon photovoltaic cells were developed. In 1958 the 
Soviet Union and the United States launched their first satellites equipped with 
photovoltaic cell-arrays and this triggered the manufacturing of silicon cells 
( Robles-Gil, 1997 ). 
Photovoltaic technology involved the direct conversion of sunlight into 
electricity using a semiconductor device known as a photovoltaic cell. The 
cells are doped with small amounts of impurities to give one side a positive 
charge ) and the other a negative charge, so as to form a large diode area. 
When light strikes the cell, the energy of the light frees electrons from their 
atoms, and many of these freed electrons are swept across the diode junction. 
The electrons are then collected at the surfaces of the cell and passed through 
an external wire as conventional, direct current electricity (Robles-Gil, 1997 ). 
"A 1 O-centime,ter solar cell will produce about 3.5 amperes in full 
sunlight. Each solar cell produces approximately one-half volt. Higher 
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voltages are obtained by connecting solar cells ill senes. They are 
encapsulated and sealed normally with glass cover. The laminated module 
protects the electrical circuits from the environment and gives the long life that 
photovoltaic modules are noted for . Modules may be connected in series to 
obtain the required system voltages or in parallel to obtain larger currents" 
(Thomas, 1994). With one or more modules holding onto a supporting 
structure a solar panel is formed, several panels form an array, which is joined 
to the components that balance the system, constitute the whole system 
( Figure 1 .6  ). 
"Photovoltaic modules produce electricity for a connected load when the 
sun is shining, some electricity is even produced on cloudy days. However, for 
many applications the electrical energy is needed at night so storage batteries 
are required. In these cases, the photovoltaic systems can be considered as an 
un-interruptible power supply with battery charging provided daily by the 
photovoltaic modules " (Thomas. 1994). 
M o d u l e  
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The flat collectors are usually fixed, with modules facing south 
(northern hemisphere) and tilted according to the latitude, the maximum annual 
insolation is achieved if the surface tilt is equal to the latitude 
( Khalil and Alnajjar, 1 995 ). Sun-tracking modules are sometimes convenient 
and economical . Nevertheless, since these are more complicated and require 
more specialized handling and maintenance, they are not adequate for remote 
site, where fixed flat collectors are preferable (Robles-Gil, 1997 ). 
Advantages and Disadvantages : 
The photovoltaic solar systems successfully provide electricity to 
countless worldwide development projects. However, these systems may not 
be the best solution for every energy need. Shepherd and Richard's 
point out there are both advantages and disadvantages (Robles-Gil, 1997). 
Advantages: 
• Free and abundant energy: Solar energy is essentially free, 
fully available, highly predictable and virtually inexhaustible . 
• Economically effective: In many circumstances the cost of the 
life cycle of photovoltaic systems is lower than the cost of non 
renewable alternatives. 
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• Flexible SIze: Photovoltaic solar systems are capable of 
producing sufficient energy for many application. The existing 
systems vary ill slze, from pocket calculators up to multi-megawatt 
capacity stations. The fact that they are built in modules makes the 
expansion of the system easier as the economic feasibility may permit 
and the demand increases. 
• Little maintenance: Most of the photovoltaic systems function 
with little maintenance and without any other fuel than the solar 
radiation. Therefore, this source of energy is highly feasible in 
isolated or desolate places such as mountain tops or remote islands. 
• Reliability: Photo voltaic solar systems are sometimes the 
preferred option for critical applications that require a consistent and 
predictable energy supply, such as health services, military 
communications and emergency applications. 
• Transportation: Since photovoltaic systems are modular, they 
may be transported in convenient size components. This simplifies the 
transportation to remote sites. 
• Locally generated energy: Photovoltaic solar systems use a 
local source (sunlight) which provides for a high security with no 
political strain. 
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• Environmentally hannless : No polluting emissions during the 
operation of solar cells . They offer an ecologically hannless 
alternative to Fossil energy supply or to nuclear energy and they 
operate silently and are more aesthetic alternatives than the power 
lines with thousands of cables that sometimes obscure the landscape . 
Other Advantages are: 
• Beneficial to the national economy: It reduces the need to 
import fuel. 
• Appropriate for small energy systems: Modularity and low 
maintenance make this technology, for applications lower than 
20 kWh/day, more adaptable to remote sites than conventional 
energy or solar thermal systems. 
• Very Long lifetime: The efficiency level does not diminish 
much even after 15 years of use or more. 
• May improve the quality of life: F or instance: rural school 
lighting may facilitate evening activities while refrigeration in a 
medical center increase the efficiency of immunization programs. 
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• Hybrid systems: Photo voltaic system may be interconnected 
with other energy sources. 
Disadvantages: 
• Dependence on sunlight :  The electric energy supply depends 
on solar radiation, thus they may not be the best option for high power 
requirement applications, such as air conditioning or heating systems, 
especially if they are needed at night. Clouds and shadows produced 
by plants and structures reduce the power of the systems. 
• High initial cost: Financing schemes are needed in order to 
distribute the high initial costs of the photovoltaic solar systems 
throughout the life cycle of the syste� so that they may be accessible 
to low income families in rural areas. 
• Batteries required: Systems that need a sustained power 
supply require batteries and a voltage regulator which, in turn, 
increases its complexity and the cost of the system. 
• System maintenance: Although photovoltaic systems require 
relatively little maintenance batteries need regular maintenance and 
they eventually require replacement. 
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• Wastes: Photovoltaic systems become trash and although 
most o f  the photovoltaic mater ials have no toxic materials most o f  the 
batteries contain toxic materials .  
• Power type: Photovoltaic modules produce only a direct 
current ( DC ) . An DC-AC converter needs to be added for dev ices 
that require an alternating current ( AC ) .  
• Vulnerabi lity: The same ch aracteristics o f  modular ity and 
portabi li ty that faci li tate the expansion o f  the photovoltaic system, 
make them more vulnerable  to robbery and vandalism. Some 
photovoltaic systems are bui lt in such a way that modules may be 
taken inside the bui ld ing at night , whi le others are placed in a way in 
which they are bare ly v isible to those who want to stea l them . 
Climatic Requirements. 
Since the generation o f  a photovo ltaic system depen ds on sunlight , it is 
i mportant to determine its avai labi li ty .  During the day , solar radiation v ar ies 
accord ing to the ang le o f  the sun , the latitu de ,  the season o f  the year an d the 
weather .  So lar radiation o n  a p lane surface has a direct component and a 
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diffuse one, the sum of both radiation's IS known as global ( total ) solar 
radiation . 
Photovoltaic power generators respond to global radiation . To evaluate 
the potential of photovoltaic system site there is a need for monthly solar 
radiations data . It might not be sufficient to assess the potential of a 
photo voltaic system based only on the amount of theoretically available solar 
energy. A system evaluated in this manner may not provide a sufficient 
generation of power during the low radiation months (Robles-Gil ,  1997). 
Applications of Photovoltaic Systems: 
Photovoltaic systems are more frequently used in Asia, especially in 
remote places, but extensive use is for generating electricity in remote areas in 
both Europe and the United States (Robles-Gil ,  1997 ) .  Photovoltaic systems 
may be used for the following appl ications; 
• Electrical power: For remote site (farms, schools, mosques, 
mountain refuges) . 
• Trail l ighting. 
• Weather monitoring stations. 
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• Water level monitoring. 
• Scientific research.  
• Consumer products ( calcul ators, watches, electric shavers, portable 
radios, cassette recorders, toys sport and recreation products).  
• Solar hot water boilers . 
• Pumping of drinking water. 
• Mobile radio systems . 
• Lighting for highway information signs . 
• Aircraft warning lights . 
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1 .3 The W i n d .  
1 .3. 1 General. 
Meteorology is defined as the SCience that deals with atmospheric 
phenomena ( facts or things which occur in the atmosphere ) especially those 
that relate to the weather. Weather is the total sum of the atmospheric 
condition for any place for short time . The factors affecting the weather 
include atmospheric pressure, temperature , winds , humidity , clouds , 
precipitation and visibility .  The study of all the weather elements and the 
forecast of the future conditions of the atmosphere form the basis of the 
science of meteorology .  
Here w e  will concentrate only o n  the wind. Wind is defined a s  any 
movement of air relative to the surface of the earth . Wind usually moves 
horizontally over the surface of the earth. 
1 .3 .2  The Origin of the Wind. 
Air moves from place to place over the earth' s  surface mainly in response 
to differences in pressure, which are often related to differences in surface 
temperature. Solar radiation falls most directly on the earth near the equator, 
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and, consequently, solar heating of the atmosphere and surface is more intense 
there. The sun) s rays are more dispersed near the poles. 
On a non rotating earth of uniform surface, that surface would be heated 
more near the equator and less near the poles; correspondingly, the air over 
the equatorial regions would be warmer than the air over the poles. Because 
warm less-dense (lower-pressure) air rises, warm near-surface equatorial air 
would rise, while cooler, denser polar air would move into the low pressure 
reglOn. The rising warm air would spread out, cool, and sink. Large 
circulating air cells would develop, cycling air from equator to poles and back. 
These would be atmospheric convection cells. 
The actual picture is considerably more complicated. The earth rotates on 
its axIS, which adds a net east-west component to air flow as viewed from the 
surface. Land and water are heated differentially by sunlight, with surface 
temperatures on the continents generally fluctuating much more than 
temperatures of adjacent oceans. Thus, the pattern of distribution of land and 
water influences the distribution of high-pressure and low-pressure regions and 
further, terrain irregularities introduce further complexities in air circulation. 
Friction between moving air masses and land surfaces can also alter wind 
direction and speed. Local weather conditions and the details of local 
geography produce regional deviations from this pattern on a day-to-day basis 
( Ahrens, 1988 ) . 
1 .3.3 The E ffect of Wind on the Envi ronment. 
Wind E rosion :  
Like water, wind erosion acts more effectively on sediment than on solid 
rocks, and wind-related processes are especially significant where the sediment 
is exposed, not covered by structure or vegetation, in such areas as deserts, 
beaches, and unplanted ( or incorrectly planted ) farmlands. In dry areas like 
deserts, wind may be the major or even the sole agent of sediment transport. 
The principal depositional feature is a dune. The dune shape and size depends 
mainly on wind direction and speed. 
Wind and Air Pollution: 
Wind is a key factor in the air pollution issue, not only introducing 
pollutants to the atmosphere ( wind erosion ) . But also acting as pollutants 
transporter, and that means not only the area near pollution sources will be 
affected but other places, at times far away from pollution sources, will be also 
affected. 
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1 .3.4 Local Wind System. 
Sea and Land Breezes: 
The uneven heating rates of land and water cause this phenomenon . 
During the day, the land heats more quickly than the adj acent water, and the 
intensive heating of the air above produce a shal low thermal low ( area of low 
pressure because of heat ) .  The air over the water remains cooler than the air 
over the land; hence, a shallow thermal high ( area of high pressure ) exists 
above the water. 
Since the air tends to move from high to low pressure we have air motion 
( wind ) from sea toward l and. The strongest wind occur near coast and in the 
afternoon time when temperature reaches its maximum. 
At night, the land cools faster than the water. The air above the land 
become cooler than the air over the water, producing a distribution of pressure . 
With higher surface pressure now over the land, the wind reverses its direction 
and becomes a land breeze-a breeze that flows from the land towards the 
water. 
Mountain and Valley Breezes: 
During the day, sunli ght warms the valley walls,  which in tum warm the 
arr in contact with them. The heated air, being less dense than the air of the 
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same altitude above the valley, rises as a gentle up slope wind known as a 
valley breeze. At night the flow reverses clirection. 
The mountain slopes cool quickly, chilling the air in contact with them. 
The cooler, more dense air glides down slope into the valley, providing a 
mountain breeze. This daily cycle of wind flow is best developed in clear, 
summer weather when prevailing wind is light. 
Chinook ( Foehn ) Winds:  
It is a wann, dry wind that descends from the mountain slope. Chinooks 
occur when strong westerly winds aloft flow over the eastern mountain here in 
the United Arab Emirates. As the wind descends its temperature increases 
( l O ° C  per km), with sharp drop in relative humidity. 
Desert Winds: 
Local winds form in the desert, too. Dust storms form in dry regions, 
where strong winds are able to lift and fill the air with particles of fine dust. In 
desert areas where loose sand is more prevalent, sandstorms develop, as high 
wind enhanced by surface heating rapidly carry sand particles close to the 
ground. 
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An example of a storm composed of dust or sand is the Haboob. The 
Haboob forms as cold down drafts along the leading edge of a thunderstorm lift 
dust or sand into a huge tumbling dark cloud that may extend horizontally for 
over 150 km and rise vertically to the base of the thunderstorm. 
Other desert winds include dust devils; generally it fonus on clear, hot 
days, as wann air rises above a heated surface . Its size and life period vary , 
but fortunately, the majority of dust devils have diameters of only a few meters 
and height of less than a hundred meters, and last for a short time. 
Another important desert wind is what is called Simoom . Simoom is a 
strong, dry, and dusty wind that blows over the African and Arabian desert. 
The name Simoom means " poison wind " because it is often accompanied by 
temperature in excess of 50 0 C, which may cause heat strokes . 
1 .3.5 The Prevailing Wind. 
The prevailing wind is the name given to the wind direction most often 
observed during a given period of time. Prevailing winds can greatly affect the 
climate of a region. For example, where the prevailing winds are up slope, 
clouds, and precipitation are more likely than where the winds are down slope . 
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In city planning, the prevai ling wind can help decide where industrial 
centers, factories, and city dumps should be built .  Al l of these should be 
located so the wind will not carry pol lutants into populated areas . 
Sewage disposal plants must be situated downwind from large housing 
developments . Maj or runways at airports must be al igned with the prevailing 
wind to assist aircraft in taking off or l anding. The prevail ing wind is a 
significant factor in bui lding individual homes . 
The prevail ing wind in a town does not always represent the prevail ing 
wind of the entire region . The prevailing wind can be represented by a wind 
rose ( Figure l .7 ) , which indicate the percentage of tirne the wind blows from 
different direction . Extensions from the center of a circle point to the wind 
direction, and the length of each extension indicates the percentage of time the 
wind blows from that direction. 
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Figure ] .7 Wind Rose ( Hourly data ) 
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1 .3.6 Wind Energy. 
Wind power seems to be an attractive way of producing energy. It is 
nonpolluting and, unlike solar power, is not restricted to daytime use. It does, 
however, pose some problems. Large wind machines may interfere with 
telecommunication reception in their immediate vicinity. Also, the financial 
aspects are another problem, it is relatively very costly. In addition, it occupies 
a large area, and a region dotted with large wind machines is un anesthetic. 
Most important, if the wind turbine is to produce electricity, there must be 
wind, not just any wind, but a steady flow of air neither too weak nor too 
strong. A slight breeze will not turn the blades, and a powerful wind gust could 
severely damage the machine. Thus, regions with the greatest potential for 
wind-generated power would have moderate, steady winds. There are three 
key factors distinguishing wind energy resources : 
• The variation of power of the wind with its speed. 
• The variation in available wind speed at a given site over a period of 
time ranging from seconds to the entire year. 
• The variation in wind speed with height above the ground. 
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No other factor i s  more important to the amount of wind energy available 
to a wind turbine than the speed of the wind.  Because the power of the wind is 
a cubic function of the wind speed any changes in speed produce a great 
change in power. For example if the wind speed doubles, the available power 
increase eight - fold ( 2x2x2 ). And if the wind speed triples, the power 
mcreases 27-fold ( 3 x3 x3 ) .  This physical phenomenon is known as the power 
cube law. 
According to Christopher Gronbeck, wind turbines have a minimum wind 
speed at which they begin to generate electricity. For small turbines, this speed 
is about 3 .5 meters per second( mls ). In general, average annual wind speeds 
of greater than this speed are required for users who are connected to the 
electric power grid.  Large wind power plants require wind speeds of 6 mls 
( www-content@solstice.crest.org ) .  
Wind turbine are either horizontal axI S  ( the rotor spins around an axis 
that is parallel to the ground ) ,  or vertical axis ( the rotor spins around an axis 
that is vertical ( perpendicular ) to the ground ) .  The vertical axi s  wind turbine 
can accept wind from any direction, this simplifies their design. The vertical 
axis of rotation also permits mounting the generators and gear at ground level, 
making maintenance easier ( Figures 1.8 & 1.9 ) .  
Flgur. 1 .8 A horizontal-axis wind 
turbine 
Flgur. 1 .9 A vertical-axis wind turbine. 
1 .4 Meteorological  I nstru ments for W i n d, S u n s h i n e  a n d  
Sola r  Rad i a tion .  
1 .4. 1 The  Requirements for the Siting of  Meteorological  Station and 
Instruments. 
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According to world meteorological organization ( WMO ) standards each 
station making surface synoptic observation should be located at a site where 
the meteorological data obtained are representative of the state of the 
atmosphere over a large region. The dimensions of this representative region 
may range from 2000 km2 to 1 0000 km2 ( for a plane or homogeneous area). 
The station should have a plot of land specially assigned to it . The optimum 
area assigned to station is approximately one hector. 
The location of the observing posts ( meteorological instrument area ) 
should be typical of the physico-geographical conditions of the surrounding 
area and protected from the influence of industry. It is, therefore, necessary to 
locate a meteorological instrument area in an open site far from any 
constructions or woods. The minimum distance from constructions and groups 
of trees should be greater than 1 0  times and 20 times their heights respectively. 
The site should also be farther than 1 00 m from bodies of water, except where 
coastal measurements are required. 
The meteorological observi ng area ( where most of the instruments and 
devices are situated ) should preferably be no smal ler than 25 ill x 2 5  m where 
there are many installations. The sides of the observing area should be oriented 
north-south and east-west . An adequate north-south dimension is very 
important for measurements which can be strongly influenced by shadow 
( radiation, sunshine duration ) .  
The meteorological observing area should b e  fenced, but not with solid 
fencing material; l arge-mesh wire nett ing is  the most suitable.  Of course no 
fencing at all is better wherever it is safe .  
The surface o f  the observing area must be left in its natural state . The area 
should not be walked on except along paths or tracks.  Paths should not be of 
asphalt or concrete and install ations preferably be painted white 
( WMO no. 8, 1 996 ) .  
1 .4.2 Measurement of Surface Wind. 
Units and Scales. 
Wind speed IS reported ill meter per second or in knots 
( 1 knot = 0 . 5 1 5  m/s ) to the nearest unit, and represent an average over 1 0  
minutes. Averages over a shorter period might be necessary for aeronautical 
purposes. 
Wind direction is reported in degrees to the nearest 1 0  degrees, using a 
0 1 0  . . .  360 code , and represent an average over 1 0  minutes.  Wind direction is 
defined as the direction from which the wind blows, and is measured clockwise 
from geographical north. 'Calm' reported when the average wind speed is less 
than one mls or one knot.  The direction in this case is coded as 000. 
Methods of Measurement and Observation:  
Surface wind is usually measured by a wind vane and cup or  propeller 
anemometer. When the instrumentation is temporarily out of operation or 
when it is not provided, the direction and force of the wind may be estimated 
subjectively. 
Estimates are based on the effect of the wind on movable objects. Almost 
anything which is supported so that it is free to move under the influence of the 
wind can be used. In order to make the estimates, the observer must stand on 
flat open terrain as far as possible from obstructions. It  must always be 
remembered that even small obstructions cause significant changes in wind 
speed and deviations in wind direction.  
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In the case of absence of instruments or when the instrumental equipment 
IS unserviceable, the direction can be estimated by observing the drift of 
smoke, the movement of leaves, etc .  
Cup and PropeUer Sensors :  
Cup and propeller anemometers ( Figure l . 1 0  ) are commonly used to 
detennine the wind speed and consist of two sub-assemblies; the rotor and the 
signal generator. In well-designed systems, the angular velocity of the cup or 
propeller rotor is directly proportional to the wind speed, or more precisely, in 
the case of the propeller rotor, to the component of the wind speed parallel  to 
the axis of the rotation. 
For most cup and propel ler-type wind sensors, the response is faster for 
acceleration than for deceleration, so that the average speed of the rotors 
overestimates the actual average wind speed. The total over speeding can be 
as much as 1 0  % for some designs and wind conditions. This effect can be 
minimized by choosing fast response anemometers, where it should be noted 
that propeller vanes have an advantage over cup anemometers because they 
have virtually no vertical -component over speeding. 
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Exposu re of Wind Instruments :  
Due to  the effects of  friction, wind speed increases considerably with 
height. F or this reason a standard height has been defined for the exposure of 
wind instruments above open terrain .  The corresponding shift of wind 
direction with height over open terrain is relatively small and can be ignored in 
surface wind observations. For terrain that is uneven, containing obstacles, or 
non-homogenous in surface cover, both wind speed and direction can be 
affected considerably. 
The standard exposure of wind instruments over open terrain is 1 0  meters 
above the ground ( WMO standard ) . An open terrain is defined as an area 
where the distance between the anemometer and any obstruction is at least 1 0  
times the height of the obstruction( 20 times in case of a group of trees ) .  
Requirement of a distance of 10  times the obstruction heights is an absolute 
mlmmum. 
1 .4.2 Measurement of Sunshine Duration. 
Definition:  
Sunshine duration during a given period is defined as the sum of that sub 
period for which the direct solar irradiance exceeds 1 20 Wm-2 
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( WMO no. 8, 1 996). The physical quantity of sunshine duration is, evidently 
time . The units used are seconds or hours. For climatological purposes, 
derived tenus such as "hours per day" or "dai ly sunshine hours" are used. 
Methods of Measurement: 
Two major principle methods are used for measuring sunshine duration 
and types of instruments are briefly listed in the fol lowing: 
• Burn method: Threshold effect of paper burning caused by focused 
direct solar radiation (heat effect of absorbed solar energy) .  Type of 
instrument: Campbell-Stokes sunshine recorders . 
• Pyrheliometric method: Pyrheliometric detection of the transition of 
the direct solar irradiance through the 1 20 Wm-2 threshold. Type of 
instrument: pyrheliometer combined with an electronic or computerized 
threshold discriminator and a time-counting device.  
The Campbell-Stokes Sunshine Recorder (Burn Method) :  
Since the Campbell-Stokes sunshine recorder ( Figure 1 . 1 1  ) i s  most 
common instrument used for recording the sunshine duration in the UAE 
( it is used in Abu-Dhabi, AI-Ain, Bateen and Ras al-Khaimah airports ), more 
attention is given to this instrument. 
Figure I .  1 0  Propel ler anemometer 
Figure 1 1 1  Campbe l l -Stoke unshi ne recorder 
The Campbell-Stokes sunshine recorder consists essentially of a glass sphere 
mounted concentrical ly in a section of spherical bowl, the diameter of which is 
sllch that the sun ' s  rays are focused sharply on a card held in grooves in the 
bowl . The method of supporting the sphere differs according to whether the 
instrument is operated in polar, temperate or tropical latitudes . To obtain 
useful results, both the spherical segment and the sphere should be made with 
great precision the mounting being so designed that the sphere can be 
accurately centered in it .  Thee overlapping pairs of grooves are provided in 
the spherical segment to permit the cards to be suitable for different seasons of 
the year, their length and shape being selected to suit the geometrical optics of 
the system. 
Sources of E rror: 
The errors of this recorder are mainly due to the dependence on the 
temperature and humidity of the burn card as well as to the over burning 
effect, especially in the case of scattered clouds . The morning values are 
frequently disturbed by dew or frost in middle and high latitudes. It  should be 
noted that the above mentioned problem of the burns obtained under variable 
cloud conditions indicates that this instrument, and indeed any instrument using 
this method, does not provide accurate data of sunshine duration. 
1 .4.4 Measu rement of Solar  Radiation :  
Genera l :  
5 1  
Solar radiation i s  the energy emitted by the sun in the form of 
electromagnetic waves.  The pyranometer ( Figure 1.12 ) is an instrument 
usually used in meteorological stations for measuring the solar radiation . Since 
the pyranometer is the common instrument used in UAE, more attention is 
given to it in the following sections . 
The pyranometer is designed for measuring the irradiance on a plane 
surface, which results from the direct solar radiation and from the diffuse 
radiation incident from the hemisphere above . 
Because the pyranometer exhibits no tilt dependence it can measure solar 
radiation on inclined surfaces.  For measuring the diffUse component of solar 
radiation only, the direct solar component can be shielded semi-automatically 
from the pyranometer by the shadow ring . 
Figure 1 . 1 2  Kipp & Zonen Pyranometer eM I l 
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I nsta l lation of the Pyranometer for the Measurement of Solar Radiation:  
Ideal ly the site for the pyranometer should be free from any obstructions 
above the plane of the sensing element and at the same time the pyranometer 
hould be readily accessible to clean the domes and for inspection . It is evident 
that the pyranometer should be located in such a way that a shadow will not be 
cast on it at any time .  
Due to  the low directional error of the pyranometer an exact positioning 
of the instrument to the north is not necessary, the correct leveling is of 
importance, also it is of great importance to avoid solid thermal contacts 
between sensor and base . Materials with low thermal conductivity l ike rubber 
or plastic are recommended. According to WMO, measurements should be 
taken in height of 1-2 meters (WMO no. 8, 1 996 ) .  
F or measuring the sky radiation ( diffuse radiation ) ,  the direct solar 
radiation is best intercepted by a small metal disk . The shadow of the disk 
must cover the pyranometer domes completely . However to follow the sun's  
apparent motion, a power driven equatorial device is  necessary. 
Once instal led, the pyranometer needs little maintenance. The outer dome 
must be inspected at regular intervals and cleaned regularly, that is every 
morning. It should be noted that the pyranometer must be calibrated at least 
every year in the worst cases.  
1 .5 Selecti ng Sites for W i nd Mac h i n es. 
1 .5. 1 General. 
Site selection is one of the most important technical issues governing the 
successful utilization of wind energy. No matter how well-engineered the wind 
turbine might be, if it is installed at an unsuitable location, its performance will 
be unsatisfactory. The objectives of site selection, therefore, are to locate 
machines in places where the power production matches the power demands 
placed on the machine and to avoid places where hazards, such as severe wind 
gust and turbulence, reduce service life or increase maintenance costs. We will 
discusses siting issues in some details mainly the siting of small machines . 
Once the feasibility of wind power has been established, the specific site 
for the wind machine must be chosen. For most small machines, the general 
location will be fixed and must be near the point of power consumption. In 
some applications, the user may be able to site the machine at any location 
over a fairly large area and take advantage of terrain enhancement of the local 
wind speed as long as the cost of transmitting the power to the load is 
reasonable . Nevertheless, even if the location of the turbine is fairly well fixed, 
siting remains important. Small variations in the distance of the machine with 
respect to nearby obstacles can result in significantly larger power output or in 
increased turbine life and vice versa (WMO no. 1 75,  198 1). 
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The first step is to identify the prevailing wind directions. If the person 
siting the machine has lived in the area for some time, he may know these 
directions. Otherwise, the prevailing wind direction can be determined from 
the wind summaries of nearby weather stations, from wind-flagged vegetation 
( the effect of the wind on the vegetation, the leaning direction of it ), or from 
measurements at the site. In conducting the siting analysis, two classifications 
of terrain should be considered : flat and complex. 
1 .5.2 Flat Terrain :  
A terrain can be considered flat if the elevation differences between the 
SIte and the surrounding terrain is less than 50 m within a 4-6 kIn radius of the 
site . For siting purposes, the flat terrain can be divided into two general 
classifications : 
1 .  Homogeneous Terrain;  if the local terrain is flat and the character of 
the surface roughness is uniform for about one kilometer upwind 
( in the direction the wind blow from ) of the potential site, the terrain can be 
considered homogeneous. In this situation, the available wind power can be 
increased only by increasing the height of the tower upon which the machine is 
placed. However, the potential benefits of increasing tower height must be 
weighed against the increased costs of a higher tower (WMO no. 175, 198 1). 
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I I .  Non Homogeneous Terra in ·  if there are obstacles or changes in 
surface roughness upwind of the site the terrain is considered non 
homogenous. Several guidelines for siting exist : 
• Choose a site that I S  not downwind of barriers ill the 
prevailing wind direction; 
• The site should be far enough upwind or downwind from the barriers 
to be outside the region of flow disturbance ( 10 times the height of barriers 
proven to be the minimum distance). 
Sea - breeze circulation are also important in siting wind turbines. The 
sea-breeze effect, coupled with the effect of the large difference in surrace 
roughness between water and land, causes wind speeds along the coastline of 
large bodies of water to be higher than the wind speed at locations a few 
kilometers inland. 
1 .5.3 Complex Terrain :  
Siting in hilly and mountainous terrain ( complex ) is more difficult than 
siting in a flat area. Wind patterns over complex terrain are affected by 
interactions between the topographical features, barriers, surface roughness 
and the diurnal variations in speed and direction over short distances. 
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In a complex terrain mean speeds diurnal variations and other features of 
the wind may differ considerably from those of nearby weather stations .  These 
potential differences mean that the wind-power potential at a specific site could 
be much better or much worse than the potential indicated by weather-station 
data. 
The effects of terrain on the wind should, of course be used as an 
advantage if possible. For instance, it may be possible to find a location with 
considerable local wind-speed enhancement . If the location of the wind 
machine is fixed by various practical constraints, the effects of the terrain must 
be understood in order to estimate the probable effects of the terrain on the 
wind at the site. For siting purposes, topographical features can be divided into 
two general classifications: 
1 .  Elevated Featu res; the first classification includes ridges, isolated hil ls 
or mountains and escarpments ( c liffs ) . Elevated terrain features have several 
advantages :  
• They act l ike a huge tower, raising the wind machine into regions of 
higher wind . 
• They help avoid placing the machine where the surface winds may 
become uncoupled from ( and much lower than) the winds at higher 
elevations . 
• They may actual ly act to accelerate the flow over or around 
them, thereby increasing the avai lable wind power. 
If the elevated terrain features exist upwind of the potential site, 
they also rna be of great disadvantage . They could either completely 
block the site from high winds or cause down slope winds 
(Fohns or Chinooks), which are well known for their ability to 
produce at times severe damage to the turbine. 
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I I .  Depression Features; these include al l  depressions, such as valleys, 
passes and basins. Siting within depressions offers possible advantages; 
prevail ing winds may be funneled through the features, or thermally driven 
circulation may be found that could provide useful wind power. Whenever the 
prevailing wind b lows paralle l  to a pass or a mountain gap, the possibility 
exists that the winds wil l  be funneled through the features and the local wind 
speed is increased, this effect is usually found in long valleys or canyons 
( Figure 1.13). 
Just as thermally driven circulation cause coastl ines to be breezier than 
the interior, thermally driven circulation can result in winds that flow in and out 
of basins or up and down sloping mountain valleys. In some situations, these 
c irculation may result in usable winds . 
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Figure 1 . 1 3  The effect of valleys on the wind speed 
P R E V A I L I N G W I N D S 
There are also disadvantages to siting within depressions: 
• Small depressions may be sheltered from al l winds. 
• Val ley perpendicular to the prevai ling wind direction wil l  
experience l ittle flow. 
• Depressions have more chance to air-stagnation conditions . 
1 .5.4 Determining Wind Cha racteristics at a Site. 
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F or some applications, the siting process is completed once the feasibility 
IS established and the best site is chosen. The user either has confidence from 
past experiences that a given wind machine will perform satisfactorily, or is 
wil ling to accept whatever performance one gets. However, if the decision to 
install a wind turbine must be based on a more precise understanding of 
machine performance or economic value, some knowledge of the wind 
characteristics at the site is required. 
Table ( 1 .3 ) , describes three methods with their advantages and 
disadvantages, for analyzing wind characteristics at a site. 
Method 1 ,  the simplest of the three, relies on the same source of data as 
the feasibility analysis at nearby weather stations. However, the data is 
6 1  
anal zed in more detai ls .  For example, the seasonable and diurnal variations in 
wind speed may be of interest in certain applications. If an energy storage 
system is under consideration, the frequency and duration of episodes where 
wind speed fal ls below a certain value, such as machine cut-in speed could be 
of interest . 
Method I should be used only for sites near the weather stations 
( less than 1 0  to 30 km ) and for high wind areas having l ittle terrain relief and 
no large contrasts in terrain type. If these conditions are not met, an on site 
measurement program - method 2 or 3 - may be deemed necessary 
(WMO no. 1 75 1 98 1 ) . The precise benefits of such a program should be 
analyzed . The magnitude of the critical wind characteristics (mean wind speed, 
diurnal and seasonal fluctuations) can frequently be estimated along with the 
uncertainties of the estimates .  The effect of these uncertainties on energy 
production and cost can be estimated and compared with the cost a 
measurement program. If the degree of uncertainty is small enough, an on-site 
measurement program is probably not necessary. Measurements are most 
critical at marginal sites or at sites where there are large uncertainties in the 
magnitude of the wind resource .  In carrying out a measurement program, the 
wind-sensing equipment must be sited as carefully as the turbine. For example, 
if the wind turbine is placed at some elevation above the surface, the wind 
sensor must be placed at this same position. 
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The purpose of method 2 is to provide a better estimate of the annual 
mean wind speed at the site by placing an anemometer at the site and 
determining the mean wind for a short period of time, for example, one to three 
months .  The mean wind speed is determined at a nearby weather station for 
this same period of 6me. Then, the annual mean wind speed at the weather 
tation is multiplied by the ra60 of the short-term mean at the site to the short­
term mean at the weather station. The resultant value is assumed to be the 
annual average at the site. Method 2, although a traditional approach, is of 
ques60nable accuracy . Usual ly, the proper correction factor cannot be 
obtained from such short-term measurements. Method 2 can be recommended 
only when the wind speed and direction are persistent and when there is little 
seasonal variation ( WMO no. 1 75 ,  1 98 1  ) .  
Method 3 differs from method 2 primarily in the length of t ime during 
which on-site measurements are made . I t  is the most accurate and the most 
involved approach, requiring extended on-site measurements .  Even so, it is not 
entirely certain how representa6ve a single year's data may be. The character 
of the wind, l ike any other meteorological phenomenon, is variable. Some 
years may be windier than normal, some years less. Clearly, the period over 
which the measurements are made must be reasonably representative. 
Sophisticated meteorological support as well as long-term residence in the area 
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may be necessary to judge accurately how typical the wind conditions have 
been over the period of measurement . 
� 
\0 
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Table 1 . 3 Various approaches to site analysis 
Method Approach 
1 Use wind data from a near-by station; 
determine power output characteristics. 
2 M ake limited on - site wind 
measurements, establish rough 
correlation's with nearby station, then 
comp ute power output characteristics. 
3 Collect wind data for the site and analyze 
them to obtain power output 
characteristics. 
Source : WMO no. 1 7 5 ,  1 98 1  
Advantages Disadvan tages 
Little time or expense required for Works well only in large area of flat 
collecting and analyzing data. If used terrain where average annual wind 
properly, can be acceptably accurate. speeds are 5 m/s or greater. 
If t here is a hig h  correlation between Of q uestionable accuracy, particularly 
the site and the station, t his method where there is seasonal modulation of 
should be more accurate than first wind speeds and directions. 
met h od. 
M ost accurate met h od. Works in all Requires at least a year of data 
types of terrain. collection. Added costs of wind 
recorders. Data period must represent 
typical wind conditions. 
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CHAPTER TWO 
METHODS OF ESTIMATING 
TOTAL RADIATION 
AND WIND POWER 
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C HA PT E R  TWO 
2 . 1 Sol a r  Radiati o n .  
2 . 1 . 1  The  Declination Angle. 
F or the calculation of decl ination angle (8 ) that is, the angular position of 
the sun at solar noon with respect to the plane of the equator, north positive 
( -23 .45° � 8� 23 .45°  ). The fol lowing equation is used 
( Duffie & Beckman 1 980 ) :  
8 = 23 .45 sin ( 360 (284 + n)/ 365 ) ( 1 ) 
where n is the day of the year starting from 1 January and February is taken to 
contain 28  days ( 1 �  n � 365 ) .  This is the best equation used to measure the 
declination angle (Alnaser & Almudaifa, 1 992 ) .  
2. 1 .2 The Sunset Hour Angle. 
The equation for ' calculating the sunset hour angle COs, when 8z = 90°, 
( Alnaser & Almudaifa, 1 992 ) is ;  
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cos COs = -tan � tan o. 
this equation can be written as ' 
COs = cos -I [-tan � tan 0 ] ( 2  ) 
where q, is the latitude: that is, the angular location north or south of the 
equator, north positive ( -90 � � � 90 ) .  
2. 1 .3 The E xtra terrestrial  Radia tion. 
According to Duffie and Beckman (Duffie and Beckman, 1 980 ) , at any 
point in time, the solar radiation outside the atmosphere incident on a 
horizontal plane is given by: 
Go = Gsc [ 1 + 0 .033  cos ( 360n / 365 ) ] cos 8z 
where Gsc is the solar constant ( 1 376 W/sq . m ), n is the day of the year, 8z is 
the zenith angle which is the angle subtended by a vertical line to the zenith 
( the point directly overhead ) and the l ine of sight to the Slill . The zenith angle 
is given by the fol lowing equation; 
8z = cos - I  [ cos 8 cos q, cos COs + s in 8 sin q, ] 
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The extraterrestrial radiation for a horizontal surface at any time between 
sunrise and sunset is given by: 
Go = G c [ 1 + 0 .033  cos( 360n 1 365 ) ] ( sin � sin 8 + cos � cos 8 cos CD ) 
where CD is an hOUT angle '  that is, the angular displacement of the sun east or 
west of the local meridian due to rotation of the earth on its axis at 1 5° per 
hour morning negative, afternoon positive . 
I t  is often necessary for the calculation of daily solar radiation to have the 
integrated daily extraterrestrial radiation on a horizontal surface, Ro. This is 
obtained by integrating the above formula over the period from sunrise to 
sunset. If Go is in W/m2, Ho will be in J/m2 . 
Ho = [ ( 24x 3600 Gsc ) / n] x [ 1 + 0.033 cos ( 360n / 365 ) ] 
x [ cos � cos 8 sin CDs + ( 2nCDs / 360 ) sin � sin 8 ]  ( 3 )  
where CDs is the sunset hour angle in degrees, the monthly mean extraterrestrial 
radiation, 110 can be calculated using n and 8 for the mean day of the month . 
2. 1 .4 Maximum Daylight Hours. 
The number of maximum daylight hours ( So )  can be computed by the 
fol lowing equation; 
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So = 211 5 cos- 1 [ - tan � tan 8 ] ( 4 ) 
( Duffie & Beckman, 1 980 and Alnaser & Almudaifa, 1 992 ) . 
2. 1 . 5 The Total Radiation. 
Several equations and models where proposed to calculate the average 
daily total radiation, in the following, the models and equation used in this 
thesis will be presented. 
2. 1 .5. 1 Rietveld 's model : 
( 5 ) 
where HR stands for total radiation computed using Rietveld model, Ho here is 
the extraterrestrial radiation . This equation can be used if the latitude (� ) is 
less than 60 degrees. S here is the monthly mean sunshine duration in hours . 
The tenn S/So is sunshine as percentage of maximum possible with values 
rangrng between 0 and 1 . 0 ( Alnaser & Almudaifa, 1 992 ) 
and ( Rietveld, 1 978 ) .  
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2. 1 .5.2 G lover and lVlcCul loch' model : 
For � < 60 ° ,  HGm = Ho [ 0 .29 cos � + 0 .52  (S/So )] ( 6 ) 
where HGm stands for total radiation computed using Glover and McCul loch's 
model,  Ha here is the e traterrestrial radiation . This equation can be used if the 
latitude (� ) is less than 60 degrees ( Alnaser & Almudaifa, 1 992 ) and 
(Glover and McCul loch, 1 958 ) .  
2. 1 . 5.3 Gopinathan's model : 
HG =  Ha [ 0 . 80 1 - 0 . 378  cos � + 0 .0 1 28h + 0 .3 1 6  (S/So ) - 1 .2 1 5x 1 0-3 T 
- 1 . 049x 1 0-3 R] ( 7 )  
where � stands for total radiation computed using Gopinathan's model ,  and h 
here is the altitude in km above mean sea level . R is the monthly mean daily 
relative humidity ( RH )  in percentage . T is the monthly mean daily maximum 
temperature in degree Celsius ( Alnaser & Almudaifa, 1 992 ) and 
( Gopinathan, 1 988 ) .  
2. 1 .5.4 Alnaser' model : 
H = Ho [ 0 . 80 1 - 0 .378  cos � + 0 .0 1 28h + 0 .3 1 6  (S/So ) - 1 . 2 1 5x 1 0-3 T 
- 1 .049x 1 0-3 R] x W ( 8 ) 
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where H stands for total radiation computed using Alnaser's model,  and W 
here is monthly mean correction factor, which has a discrete value for each 
month (Alnaser & Almudaifa 1 992 ) and ( Alnaser, 1 989 ). Table ( 2 . 1 ) 
contains the W values for each month . 
Table 2 . 1 Correction factor ( W )  values .  
Montb Jan Feb Mar 
Value 1 .085 1 .0�8 1 .015  
2. 1 .5.5 Page model. 
Apr 
1 .015  
Hp = Ho [ a + b ( S/So )] 
May JUD 
1 .068 1 .075 
Jut  Aug Sep Oct Nov Dec 
1 .085 1 .087 1 .083 1 .079 1 .097 1 .01  
( 9 )  
where Hp stands for total radiation computed using Page's model, and a, b are 
regression coefficients that must be evaluated with high precision in order to 
obtain an accurate estimation of the total radiation. There have been several 
methods used to evaluate the regression coefficient ( Page, 1 96 1  ), 
( Duffie & Beckman, 1 980 ) and ( Alnaser & Almudaifa, 1 992 ) .  
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2. 1 .6 Regression Coefficient. 
2. 1 .6. 1 Rietveld Regression Coefficient. 
Rietveld proposed the fol lowing equations for gettin g  the regression 
coefficient; 
aR = 0 . 1 + 0 .24 ( S/So ) 
bR = 0 .38  + 0 .08 (S/So ) 
( 1 0  ) 
( 1 1  ) 
Subscript ( R ) here means that the regression coefficient is obtained 
through the usage of Rietveld ' s  equation (Alnaser & Almudaifa, 1 992 ) and 
( RietvelcL 1 978 ) .  
2. 1 .6.2 Gopinathan Regression Coefficient. 
Gopinathan proposed the fol lowing equation; 
ClG = - 0 .309 + 0 . 539 cos � - 0 .0693h + 0 .290 ( S/So ) 
bG = l . 527  - l .027 cos � + 0 .0926h - 0 . 359  ( S/So ) 
( 1 2  ) 
( 1 3  ) 
Subscript ( G ) here means that the regression coefficient is obtained 
through the usage of Gopinathan ' s  equation (Alnaser & Almudaifa, 1 992 ) and 
(Gopinathan, 1 988 ) .  
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2. 1 .  7 The Diffu e Rad iation. 
To find the amollnt of the radiation which is diffused, the tenn clearness 
index ( KT ) must be made clear. Clearness index is the ratio of monthly 
average radiation on a horizontal surface to the monthly average daily 
extraterrestrial radiation and it is given by the fol lowing equation 
(Duffie & Beckman 1 980 );  
KT = H / Ho ( 1 4  ) 
Studies have shown that average radiation fraction which is diffused, 
( HD / H ), is a function of the monthly average clearness index KT and the 
following equation was proposed (Duffie & Beckman, 1 980 ) ;  
HD / H = 0 .775  + 0 .00653 (CDs - 90 ) - [ 0 .505 + 0 .00455(CDs - 90 ) ] 
cos [ 1 1 5  KT - I 03 ] ( 1 5  ) 
where HD here i s  the monthly mean daily diffuse radiation . H is  the monthly 
mean daily total radiation . CDs i s  the mean monthly sunset hour angle .  KT the 
monthly average clearness index. 
2 .2 The Wi nd.  
2.2. 1 The E ffect of Alti tude on the Wind. 
7 .. 
The increase of wind speed with altitude is well known . Meteorological 
data shows that the relative increase of wind speed with altitude may vary from 
one point to another. Several authors have proposed to represent 
the law of variation of wind speed by the fol lowing equation 
( Pashardes and Christofides 1 995 ) '  
V / Vo = ( H / He )n ( 1 6  ) 
where Vo is  the observed speed at height He above the ground topography and 
V is the wind speed at altitude H .  Note that this law is a statistical law which 
holds good in long series of observations but not necessarily in individual 
instances ( Gourieres, 1 982 ) .  
It is usual to give He the value of 1 0  meters, n being a coefficient varying 
from 0 . 1 0  to 0 .40 .  Table ( 2 .2 ) , shows the values of n for different terrain 
types ( Gourieres, 1 982 ) .  
II") 
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Table 2 .2 Values of n for different roughness at ground surface. 
Terrain type n 
Smooth ( sea, sand, snow) 0 . 1 0  - 0 . 1 3  
Moderately rough ( shOJt grass, grass 0 . 1 3  - 0 .20 
crops, rural areas) 
Rough ( woods, suburbs) 0 .20  - 0 . 27  
Very rough ( urban areas, tall buildin gs) 0 . 27  - 0 .40 
---_._- -
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2.2.2 Maximum Theoretical Wind Power. 
The kinetic energy in the wind ( energy contained in the speeding wind ) 
proportional to the square of its velocity .  kinetic energy in the wind is 
partially transfonned to pressure against an object when the object is 
approached and air slows down. This pressure, added up over the entire 
surface area of the object, is the total force on that object . 
The amount of energy in the wind is a function of its speed and mass. At 
higher speeds, more energy is available .  
Kinetic energy = Yi III y2 
V i s  the wind speed. 
The air's  mass can be derived by multiplying its density, p, and its 
volume . The volume, in tum can be found by multiplying the wind speed, Y, by 
the area, A, through which the wind passes through during a given period of 
time, t. The kinetic energy in wind can be expressed as : 
Kinetic energy = Yi (p  A Y t ) y2 
= Yi p A t y3 
7 7  
Because power is equal to energy over time : 
Power = Energy / Time 
Power = 1h p A t  y3/ t 
Power = 1h P A y3 
p Here is the air density which is equal to 1 .225  kg/m , at sea level and 
temperature of 1 5° C . It varies with altitude and air temperature ( Hunt, 1 98 1 ) . 
A here is the swept area by wind turbine blades, which is, A = 1t: D2/4 
( D i s  the diameter ), in the horizontal axis  turbine. 
Only part of the wind power density can be converted for useful work, 
this maximum conversion capability i s  referred to  as  the Betz limit, after the 
German scientist Albert Betz. He theorized that a portion of the wind must 
keep moving through the turbine, and not all of it could be captured. Tests 
verify that the maximum power that can be extracted from a wind stream is 
59 .3% of the wind power for the horizontal wind turbine ( Hunt, 1 98 1 ) . So  our 
formula will be: 
Power Max = 0 . 593 ( :;; p A y3 ) ( 1 7  ) 
CHAPTER THREE 
DATA COLLECTION 
( EXPERIMENTAL DATA ) 
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C HA PT E R  TH R E E  
3. 1 Genera l .  
There are 1 07 meteorological stations in  the United Arab Emirates, the 
amOlmt of the data col lected by these stations reached 446 years , those 
stations are run by different agencies . The following is a SLUTIInary of a report 
prepared by the ministry of communication in 1 993 . 
Two questionnaires were sent to different authorities in DAB who are 
taking meteorological observations for their special purposes. From the 
received replies of these agencies, the following conclusions were drawn: 
1 .  There are eight types o f  meteorological observation 
instruments procured from different suppliers and from different 
countries . 
I I .  These variety of meteorological instruments differ in their 
specifications, installation on-site, exposure to the atmospheric 
conditions, methods of observation and their degree of accuracy. 
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I I I .  Most of these instruments are old and obsolete and they 
have been in operation for more than ten years without maintenance, 
repair, testing and calibration . 
IV .  Those who are taking observations are not professional 
observers with no qual ification or experience in thi s  field except in 
military and civil aviation stations .  
V .  Good number of meteorological instruments are unattended 
self-recording instruments .  There are no body in its installation post who 
wil l  be able to register time marks on the paper recorder charts .  In the 
same time, there are no eye reading observations to compare and adjust 
data taken from these charts .  In addition, the recording charts are 
affected by the high relative humidity value prevailing in the area of the 
recording instruments which has great effect on the paper chart 
dimensions and which introduce large errors in the time and the 
accuracy of the recorded data from the meteorological instruments. 
From the above-mentioned conclusions, the meteorological observations 
taken at different observing stations are incompatible. Historical data should be 
correlated to well trusted data taken at selected stations such as civil aviation 
stations before storing them in a computer memory for further processing. 
3.2 Deta i l s  of Sites Used in the Calc u la tion  and A nalysis.  
8 1  
The data was collected mainly from the aeronautical stations .  Table 
( 3 . 1  ) includes the main meteorological stations in UAE which provide 
rel iable data because of continuous maintenance and most importantly because 
they are run by meteorological professionals .  Table ( 3 .2 ), shows the 
instruments used in those stations to measure wind, sunshine duration and solar 
radiation. 
3.3 Sola r  Radi a ti o n  Data .  
Raw data of  daily total and diffuse radiation were collected from 
1 982 to 1 996 ( diffuse data is only available up to 1 989 ) . Table ( 3 .3 ), gives 
an example of daily data for the year 1 985 .  Other radiation data were collected 
for AI-Ain ( 1 996 ) and Bateen airports ( 1 97 1 - 1 993) as long term data. 
However, the daily data is not available . Sharjah station records the maximum 
instantaneous total radiation reading during the 24 hour, and that is not of any 
use in this work. In Dubai airport station measurements of total radiation were 
used to be taken ( started in 1 984 ), but for financial reasons those 
measurements were stopped in 1 986. Those data are not available for 
interested people. Other stations have no record of solar radiation at all .  
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Table 3 . 1  Details  of meteorological stations used in the analysis 
Station name Coordinates Altitude 
Latitude Longitude ( M eters ) 
Abu-Dhabi  i nternational a irport 24° 26' N 54° 39' E 27 
AI-Ain international a irport 24° 1 5' N 55° 37' N 262 
A bu-Dhabi Bateen airport 24° 26' N 54° 2 7 '  E 5 
D u ba i  international airport 25° 1 5' N 54° 20' E 8 
Sharj a h  i nternational airport 25° 20' N 55° 56' E 34 
Ras AI- Khaimah international a irport 25° 37'  N 55° 56' E 3 1  
Fuj ei ra h  international a irport 25° 06' N 56° 20' E 24.3 
Delma 24° 28' N 52° 1 9' E 7.6 
AI Ham ra 24° 06' N 52° 2 7 '  E 9.2 
Table 3 . 2  Type of instruments used in meteorological stations 
Station name Type of instruments 
Wind Sunshine Solar Radiation 
Abu-Dhabi international airport Vaisala recording CampbeIJ- Kipp & Zonen CM6, 
anemometer Stokes Pyranometer 
AI-Ain international airport Vaisala W A 2 1  Campbell- Kipp & Zonen CM l l , 
Stokes Pyranometer 
Abu-Dhabi Bateen airport Munro recording Cam pbeIJ- Data not available 
anemometer Stokes 
Dubai international airport MILOS A. W.S. M ILOS A. W.S. Data not available 
Sharjah international airport M ILOS A. W .S. MILOS A. W.S. M ILOS A. W .S. 
Ras AI-Khaimah international Munro recording Cam p bell- not available 
airport anemometer Stokes 
Fujeirah international airport Data not available Not Available not available 
Delma M ILOS A.W.S. MILOS A. W.S. not available 
AI Hamra MILOS A. W.S. M ILOS A. W.S. not available 
< .... 
00 Table 3.3 Raw solar radiation data for Abu-Dhabi airport ( mWh/sq . cm ) for 1 985 
DAY Jan Feb 
TOT DIF TOT 
1 438 82 522 
2 422 142 525 
3 371 16 1  51 9 
4 323 203 555 
5 452 1 1 8 532 
6 275 18 1  523 
7 367 1 48 567 
8 449 1 03 563 
9 434 1 1 7 538 
1 0  491 1 28 574 
1 1  443 1 34 579 
1 2  462 1 1 3 596 
1 3  447 98 598 
14  433 1 24 586 
1 5  405 1 34 607 
16  287 163 640 
1 7  477 1 02 606 
1 8  378 1 84 6 1 2  
1 9  41 1 1 8 1  6 1 2  
20 476 98 633 
21  431  163 597 
22 442 1 55 630 
23 489 1 5 1  580 
24 479 1 28 624 
25 439 166 620 
26 268 224 631 
27 487 1 73 588 
28 480 166 291 
29 487 1 66 
30 506 1 75 
31 506 1 80 
TOT Total rad iat ion. 
DIF 
1 1 4 
1 07 
1 72 
1 1 4 
92 
80 
1 00 
1 05 
90 
1 06 
1 52 
1 5 1  
1 58 
1 1 9 
1 26 
95 
206 
1 71 
1 39 
142 
1 96 
2 1 7  
DIF Diffuse radiation. 
Mar Apr May 
TOT DIF TOT DIF TOT DIF 
6 1 3  1 86 725 1 79 792 1 93 
590 207 737 1 52 778 201 
204 708 2 1 3  759 257 
61 3 1 74 726 1 99 728 285 
507 2 1 3  545 247 648 31 1 
547 279 727 160 579 338 
61 1 1 79 702 205 597 336 
581 254 490 256 463 280 
607 2 1 8  795 1 30 769 1 88 
647 163 642 254 785 202 
640 1 94 782 167 759 280 
670 149 798 1 64 808 1 99 
649 1 75 754 1 49 787 204 
651 167 781 1 35 809 1 92 
691 1 43 797 1 32 807 149 
66 1 1 78 791 1 54 779 1 78 
653 1 97 757 203 706 287 
673 1 74 765 1 72 627 323 
664 1 52 808 1 37 823 1 59 
679 1 75 794 1 84 831 166 
6 1 2  227 760 239 788 2 1 0  
672 203 773 1 95 8 1 3  2 1 2  
674 2 1 7  791 1 38 84 1 1 82 
640 234 697 2 1 0  823 21 1 
493 300 753 227 796 235 
6 1 4  293 846 1 37 791 246 
302 236 683 300 8 1 5  203 
704 24 1 762 208 8 1 3  1 90 
660 276 732 1 99 8 1 9  1 63 
561 201 691 274 779 1 92 
731 226 8 1 2  1 75 
Jun Jul  Aug Sep 
TOT DIF TOT DIF TOT DIF TOT D I F  
797 1 87 750 266 728 448 708 1 91 
803 1 74 773 1 95 668 452 704 1 74 
8 1 1 1 76 770 1 98 750 1 35 
8 1 6  1 93 765 1 93 738 1 52 
8 1 5  1 83 642 3 1 4  722 1 46 
777 257 747 227 741 474 732 1 25 
775 257 698 295 751 285 7 1 9  1 43 
794 228 574 259 766 1 7 1  7 1 0  1 49 
84 1 162 635 359 745 201 
731 1 54 622 352 691 248 
90 1 246 631 278 704 221 
794 225 629 331 736 2 1 7  7 1 8  1 1 9  
801 1 8 1  651 288 3 1 3  2 1 4  71 1 1 1 2 
782 1 89 747 268 740 202 722 1 1 3 
804 1 69 725 271 755 227 709 1 1 6 
794 1 70 681 268 653 293 706 1 1 0 
8 1 1  1 76 677 259 740 202 
844 16 1  674 3 1 4  754 1 85 
845 1 76 354 282 752 1 72 
852 1 72 6 1 4  377 763 1 52 
792 237 681 3 1 9  756 239 671 1 29 
777 235 675 342 753 326 684 1 1 2 
772 1 97 7 1 2  3 1 1 736 34 1 670 1 24 
778 1 90 733 299 744 1 59 651 1 44 
783 206 730 307 743 1 60 670 1 27 
798 1 84 748 335 695 1 95 666 1 1 9  
809 201 736 360 709 220 663 1 07 
877 240 753 370 732 1 68 663 1 0 1  
743 306 756 373 731 1 73 673 93 
734 300 736 395 7 1 9  1 76 670 9 1  
676 439 724 1 60 
Oct Nov Dec 
TOT DIF TOT DIF TOT DIF 
654 1 00 533 1 06 479 78 
654 1 0 1  543 89 464 80 
603 1 43 546 97 456 81 
641 98 54 1 92 455 79 
657 80 537 83 284 1 83 
669 92 494 1 69 344 1 8 1  
633 1 02 532 98 472 79 
647 8 1  533 86 493 51 
632 98 507 95 486 58 
6t.Jf 93 522 82 491 61 
6 1 9  97 5 1 6  82 476 56 
604 1 06 5 1 4  84 455 75 
603 1 1 6 508 86 456 77 
620 1 1 7 485 1 4 1  401 1 04 
594 1 1 8 493 1 0 1  427 79 
594 1 06 489 1 02 432 90 
606 1 06 498 97 444 82 
620 95 489 87 434 146 
6 1 9  87 507 86 362 206 
594 92 428 1 65 384 1 58 
605 90 460 1 23 297 1 75 
558 1 57 486 82 388 1 4 1  
581 1 26 488 73 395 85 
579 1 03 529 59 423 91 
579 88 504 64 4 1 3  1 1 6 
540 1 29 449 72 439 86 
569 99 502 70 450 77 
558 1 08 345 164 459 1 1 6 
564 90 472 90 4 1 2  160 
564 95 469 79 396 1 99 
56 1 94 439 1 22 
8-l 
3.4 W i nd Data. 
Abu-Dhabi hourly wind data were collected for the period from 
1 99 1 - 1 996 . Also the hourly wind data for Shcujah, AI-Ain and Fujeirah for the 
year 1 996 were available to the writer. Long term wind data were obtained for 
all the stations except for Delma and AI-Hamra because of the lack of their 
data. Table ( 3 .4  ), gives an example of the station raw hourly data. Of course, 
it is impossible to include all the raw data in this thesis, but the data is 
available upon request . 
3.5 Other C l i m a tologi c a l  D a ta.  
Long term climatological data were obtained from the civil aviation 
authority at Abu-Dhabi international airport and from the meteorological 
department at the ministry of communication . Some adjustment have been 
made to those data, with respect to the units used for the wind and solar 
radiation . Knots IS the unit used ill measuring wind speed 
( 1 knot x 0 . 5 1 5  = 1 mls ), the solar radiation is measured in mil liwatt hour per 
square centimeter ( mWhlsq. cm ). Both units were replaced with standard 
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international units ( SI units ), ( m/s and kWh/sq. m). Tables ( 3 . 5-3 . 1 1 ), 
give the long term climatological data for the stations . The reason behind the 
selection of these stations was explained in the beginning of this chapter. 
\0 
00 
Table 3 . 4  Raw hourly wi nd data for Abu-Dhabi  a i rport ( fi rst day i n  each month , 1 99 1  ) 
Date Time Jan Feb Mar Apr 
0 Spd 0 Spd 0 Spd 0 Spd 
1 0 0 0 1 1 0 8 21 0 5 1 80 4 
1 1 00 1 50 1 1 1 0  7 250 4 1 90 5 
1 200 1 90 2 1 20 8 320 3 1 90 4 
1 300 1 70 2 1 30 1 0  1 1 0 4 1 90 4 
1 400 1 70 1 1 40 1 2  330 1 1  200 4 
1 500 1 90 3 1 50 1 2  330 1 2  220 6 
1 600 1 70 2 1 60 1 3  330 1 3  230 9 
1 700 21 0 3 1 70 1 2  320 1 3  280 1 0  
1 800 290 3 1 90 1 2  320 1 4  290 1 1  
1 900 290 5 1 90 1 5  320 1 6  290 1 1  
1 1 000 3 1 0  6 1 90 1 3  340 1 7  3 1 0  1 3  
1 1 1 00 300 5 2 1 0  1 1  3 1 0  1 6  320 1 3  
1 1 200 300 9 2 1 0  9 320 1 5  320 1 3  
1 1 300 31 0 6 200 7 3 1 0  1 4  320 1 1  
1 1 400 320 6 240 4 320 1 3  300 9 
1 1 500 330 4 1 0  1 0  320 1 1  290 7 
1 1 600 350 4 20 8 320 6 280 8 
1 1 700 20 4 60 5 300 5 290 6 
1 1 800 30 3 60 5 270 3 300 5 
1 1 900 40 2 60 5 220 3 250 2 
1 2000 1 20 5 80 7 230 2 1 1 0  1 
1 21 00 1 1 0 4 90 7 1 80 3 1 90 4 
1 2200 1 00 3 80 7 21 0 3 1 1 0 4 
1 2300 1 00 4 1 00 5 21 0 3 1 20 8 ----
o Wind d i rect ion i n  degrees from true north .  
Spd Wind speed i n  knots. 
Mav J u n  J u l AU J SeJ Oct 
0 Sp_d 0 Spd 0 SjJd 0 Spd 0 Spd 0 Spd 
90 3 200 1 0 0 70 1 340 6 30 5 
1 1 0  3 2 1 0  3 320 4 0 0 1 0  7 1 0  6 
1 50 4 200 2 350 3 1 20 4 90 5 80 5 
1 30 4 200 4 1 1 0 6 1 00 2 80 2 1 20 7 
1 50 5 1 80 5 1 70 8 1 00 3 1 1 0 5 1 1 0  5 
1 90 3 1 60 7 1 60 8 90 5 1 70 4 1 60 1 3  
220 3 1 60 9 1 90 1 4  1 20 3 1 90 8 1 60 1 2  
250 5 200 6 200 1 4  70 3 2 1 0  7 1 60 1 1  
300 1 0  260 6 2 1 0  1 2  70 4 2 1 0  6 1 70 9 
320 9 3 1 0  9 200 9 360 4 2 1 0  5 1 80 5 
320 9 320 1 2  200 6 300 6 260 4 1 50 4 
290 8 320 1 0  320 1 0  31 0 8 330 9 1 50 5 
3 1 0  8 320 1 1  330 1 1  330 1 6  340 1 1  1 20 6 
300 7 330 1 3  330 1 0  340 1 6  350 1 2  350 1 0  
300 6 330 1 4  330 9 350 1 3  1 0  1 1  1 0  1 3  
260 3 350 1 1  350 8 20 1 1  1 0  9 20 1 2  
240 3 1 0  6 360 7 350 8 20 6 30 8 
280 6 40 3 30 6 350 9 20 4 50 9 
270 7 50 5 50 5 360 6 40 4 60 7 
280 3 50 3 90 4 350 7 30 4 60 8 
1 70 2 70 2 70 2 340 6 50 3 80 5 
1 1 0 2 50 2 70 4 330 9 1 1 0 4 80 5 
1 70 1 240 4 90 3 340 8 240 2 90 6 
1 00 4 250 3 1 30 2 340 5 320 4 80 5 
N ov Dec 
0 Spd 0 Spd 
50 3 1 1 0 5 
60 2 1 1 0  6 
1 1 0  2 1 1 0 4 
1 30 2 1 00 6 
70 2 90 6 
60 2 1 50 1 2  
60 2 1 60 1 3  
70 2 1 60 1 1  
90 1 1 70 1 0  
350 3 1 70 9 
320 8 1 70 7 
330 8 1 80 5 
350 9 1 90 6 
1 0  1 0  200 4 
1 0  7 1 70 4 
20 7 20 7 
40 6 40 6 
70 5 70 6 
80 7 80 7 
80 1 0  80 7 
80 7 90 7 
80 9 90 8 
80 6 1 1 0  7 
90 5 1 1 0 7 
r­
oo Table 3 . 5 . 1 
D ry Bulb 
Temperature 
( Degree Celsius) 
Wet Bulb 
Tem perature 
(Degree Celsius) 
Relative 
H umid ity 
(perceDt) 
Pressu re 
(hPa) 
Rain 
(mi l l imeters) 
Rain 
Days 
Wind SI)ccd 
( m/s) 
Weather 
Days 
Abu- Dhabi international airport long term cl imate ( 1 982- 1 996).  
Jan Feb M a r  Apr M ay Jun Jul  Aug Sep Oct Nov Dec 
Extreme Maximum 34.3 3 5 . 8  4 1 . 1  43 . 1 46.9 4 7 . 2  47 .6 47 .6  4 5 . 9  42 .8  36.9 32.6 
Mean Maxi mwn 2 3 . 8  2 4 . 8  28 .4  33 .4  3 8 . 7  40.0 4 1 . 6 4 1 . 9 40.0 3 5 . 8  30. 7 2 5 . 8  
Mean 1 8 . 1  1 9. 2  22. 1 26. 1 30 .6 3 2 . 3  3 4 . 2  3 4 . 6  3 2 . 2  2 8 . 4  24. 1 20.0 
Mean Mini mwn 1 2 . 2  1 3 .6 1 6.0 1 9. 1 2 2 . 8  25 .0  2 7 . 7  2 8 . 7  2 5 . 7  2 1 . 7 1 7 . 7  1 4 . 3  
Extreme Mini mum 5 . 6  5 . 4  8 . 4  1 1 . 2 1 7. 2  1 9. 8  22 .2  2 3 . 8  1 9. 9  1 4. 6  1 2 . 0  7 . 5  
Mean 1 4 . 6  1 5 . 3  1 7.0 1 9. 2  2 2 . 3  24.6 26.3 27 .0  2 5 . 3  2 2 . 6  1 9. 4  1 6. 3  
Mean Maximum 1 6. 9  1 7.6 1 9. 3  2 1 . 6 24.8 27 .0  28 .7  29 .2  2 7 . 9  2 5 . 2  2 1 . 8 1 8 .6 
Extreme Maximum 2 1 . 5 25 .0 27.0 26.5 30.8 3 2 . 0  3 3 . 2  34.0 3 1 . 8 29.0 2 7 . 2  2 2 . 5  
Mean Maxi mwn 8 7 . 9  8 7 . 2  8 5 . 1 80.8 77. 1 80.9 80.7 80.7 8 5 . 9  8 6 . 2  86. 1 87 . 1 
Mean 68.3  66.5 6 1 . 5 54.5 50 .4 55.5 5 5 . 6  5 7. 0  59. 8 62 .3  64 . 9  6 8 . 3  
Mean Minimum 4 3 . 3  4 1 . 9 34.7 26.3 2 1 . 9 26. 1 2 7 . 2  2 9 . 2  26.6 3 0 . 7  3 7 . 9  4 4 . 0  
Extreme Minimu m  9 . 0  9.0 8.0 4.0 5.0 3 . 0  5 . 0  6 . 0  7 . 0  6 .0 5 .0 1 2 .0 
Mean QNH 1 0 1 8 . 4  1 0 1 6.2 1 0 1 3 . 6  1 0 1 0.4 1 006. 1 999. 9  997 . 2  999.0 1 004 . 9  1 0 1 1 . 8 1 0 1 5 . 9  1 0 1 8 . 2  
Mean Vapour Pressure 1 3 .9 1 4 .4 1 5 . 5  1 7 . 0  2 0 . 5  2 5 . 1 2 8 . 1 29 .7  27 . 1 2 3 . 1 1 8 . 9  1 5 . 7  
Total Mean 8 . 7  3 5 . 6  2 3 . 7  8 .9  Trace 0.0 1 . 2 0 . 3  Trace Trace 1 . 2 1 0. 0  
Total Maximum 5 3 . 0  202. 3  1 09.3 56.2 Trace 0.0 1 8 . 2  3 . 6  Trace Trace 1 8 .4 54.9 
24hour Maxi mum 20. 1 1 1 9 .9 50.2 56.2 Trace 0.0 1 8 . 2  3 . 6  Trace Trace 1 l . 3  1 8 . 6  
I ncluding Trace 4.3 5 .6  7 .6 3 .5 0.2 0 .0 0.4 0 .5  0. 1 0. 1 0 . 7  4 . 3  
>0 2mm 1 . 5 3 . 3  3 . 7  1 . 3 0 .0  0 .0 0. 1 0. 1 0 .0 0 .0  0. 1 2 . 0  
Mean 3 . 4  4 . 1 4 . 2  3 . 9  3 . 9  4 . 0  3 . 9  4 . 0  3 . 7  3 . 4  3 . 2  3 . 2  
Mean Maxi mum 7.2 8 . 2  8 .9  8 . 8  8 . 5  8 . 5  8 . 3  8 . 4  8 . 1 7 .5  7 .0 7 .2 
Extreme Maximum 1 5 . 5  1 8 . 0  2 8 . 3  22. 1 1 3 . 9  1 7 . 0  1 8. 5  20.6 1 2 . 9  1 2 . 4  1 7. 0  1 5 . 5  
Gust 22.7 22 .7  3 3 . 0 3 5 . 0  2 1 . 1  20.6 2 1 . 1  24.2 1 6. 5  22. J 2 1 . 1  2 1 . 1  
Fog 3 . 5  3 . 0  3 . 5  2 . 9  1 . 7 2 . 9  2 . 5  2 . 3  5 . 1 5 . 1 2 . 1 3 . 3  
Haze J 6. 9  1 7 .4 20. 7 1 6. 9  1 8 . 7  2 2 . 7  26. 1 24.9 2 1 . 1  1 8 . 3  1 3 . 0  1 4. 7  
Sandstorm 0 1  0 .2  0. 7 0.3 0 .2  0. 1 0 . 3  0 . 2  0 0  0.0 0. 1 0 .2  
Thunderstorm 0.6 1 . 7  2 . 2  0.9 0. 1 0 . 0  0 . 0  0 .2  0 .0 0.0 0 0  0 . 3  
cloud >4/8 5 . 3  5 . 1 8 . 5  5 . 3  1 . 1  0. 1 1 . 5 0 .7 0. 1 0. 1 0 . 7  4 . 5  
Annual  
47.6 
3 3 . 7  
26. 8 
20.4 
5 . 4  
20. 8  
2 3 . 2  
34 .0  
8 3 . 8  
60.4 
3 2 . 5  
3 . 0  
1 009.3  
20.8  
89 .7  
250. 1 
1 1 9. 9  
2 7 . 3  
1 2 . 1 
3 . 7  
8 . 0  
2 8 . 3  
3 5 . 0  
3 7 . 9  
23 1 . 5 I 
2 . 5  
6 . 0  
3 3 . 0  
()Q 
()Q 
Table 3 . 5 .2  
Eart h  
Temperat u re 
( Degree Celsius) 
G round 
Tem pe rature 
Evaporat ion 
(PAN) 
(mi l l imeters) 
Sola r  
Radiat ion 
( kWh/sq. m ) 
Sun sh ine 
(bou rs) 
Total  Cloud 
(oktas) 
Abu-Dhabi  internat ional airport long term climate ( 1 982- 1 996). 
50cm Mean 
50cm Maximum 
l OOcm Mean 
I OOcm Maximum 
Mean M i nimum 
Extreme Mini mum 
Total 
Mean 
Maximum 
Total 
Mean 
Maximum 
Total 
Mean 
Maximum 
Mean 
Maximum 
Jan Feb 
22.4 22.2 
24.6 24.8 
24.4 2 3 . 5  
26.9 25. 1 
1 0. 7  1 2. 3  
3 . 3  2 . 3  
1 49.9 1 70 .8  
4 .8  6.4 
1 2 . 6  1 8 . 0  
1 30 .4  1 40.2  
4 . 2  5 .0  
5 . 5  7 .0 
26 1 . 7 245 . 9  
8 . 5  8 . 7  
1 0. 8  1 1 . 6 
2 . 2  2 . 3  
7 . 6  8 . 0  
- - -
M a r  Apr 
24.0 26.8 
30. 1 3 2 . 4  
24.4 26.3 
3 3 . 1 30 .4 
1 4.9 1 7 . 5  
6. 1 9 .6 
242.7 322.0 
8 .0  1 0. 8  
22 .4  23 .5  
1 73 . 9  1 99.5 
5 . 7  6. 7 
7.6 8.5 
263 .4 295 . 8  
8 . 5  9.9 
1 1 . 6 1 2 . 6  
2 . 6  2 . 1 
7 . 8  6.6 
--
M ay Juo Jul  AUI! Sep 
30.8 3 3 . 2  3 4 . 8  36.0 34.7  
34 .0  35 .6  38 .3  4 2 . 2  3 7.0 
29.6 3 2 . 0  3 3 . 4 3 4 . 8  3 4 . 3  
32 .6  3 3 . 9  36.5 4 2 . 1 36 .8  
2 1 . 0 2 3 . 5  26 .5  27 .7  24 .4  
] 4 . 0  1 7 . 6  1 7. 6  20.5 1 7. 1  
4 1 7. 6  3 8 3 . 0  3 95 . 6  3 86.6 3 34 . 1 
1 3 . 4  1 3 . 0  1 2. 9  1 2 . 6  1 1 . 3  
3 1 . 5 26.5 29. 1 3 1 . 8 2 2 . 7  
2 3 2 . 6  224.5 2 1 4. 8  205 . 8  1 9 1 . 1  
7 . 5  7 . 6  7 . 0  6. 7 6 .5  
8 . 8  9.0 9.7 7 . 8  7 . 5  
3 5 4 . 5  346.6 3 2 8 . 7  322 .4  3 1 5 . 9  
1 1 . 4  1 1 . 5  1 0. 6  
1 2 . 9  1 3 .0 1 2 .5  
0 .8  0 . 5  1 . 3 
5 . 9  4. 1 7 . 4  
1 0. 6  
1 2 . 0  
1 . 1  
6 .2 
1 0. 5  
] 2 . 3  
0 .5  
4 .7  
-- --
Oct Nov Dec Annual 
3 2 . 2  2 8 . 7  24.6 29.2 
3 5 . 0  3 2 . 1 2 7 . 8  4 2 . 2  
3 2 . 6  29.9 26.5 2 9 . 3  
3 4 . 8  3 2 . 5  29.5 42. 1 
20. 1 1 5 . 9  1 2. 7  1 8 . 9  
1 1 . 3  7 . 6  4 .6  2 .3  
2 7 2 . 3  1 95 . 9  1 5 1 . 7 3422.2 
8 . 8  6 .6 5 . 0  9.5 
1 8 . 3  1 5 . 1 1 3 . 5  3 1 . 8  
1 73 . 8  1 42 . 4  1 23 . 8  2 1 5 2 . 7  
5 . 6  4 . 7  4.0 6 .0 
6 . 7  5 . 8  5 . 2  9 . 7  
3 1 6 . 3  295 . 5  262. 1 3 608 . 9  
1 0. 3  9 .9 8 . 5  9 . 9  
1 1 . 4 1 1 .0 1 0. 6  1 3 . 0  
0 .5  1 . 1  2 . 1 1 . 4 
4 .3  5 . 8  7 . 0  8 .0  
0-
00 Table 3 . 6 . 1 
Dry Bulb 
Temperatu re 
( Degree Celsius) 
Wet Bulb 
Temperatu re 
(Degree Celsius) 
Relat ive 
Humid it)' 
(percent) 
Pressure 
(hPa) 
Rain 
( m i l l i meters) 
Rain 
D ays 
Wind Speed 
(m/!!) 
Weat her 
Days 
Abu Dhabi Bateen ai rport long tenn cl imate ( 1 97 1 - 1 996 ) . 
Jan Feb M a r  Apr M ay Jun 
Extreme Maximum 3 3 . 7  34.4 39.8 44.5 46. 2 47 .3  
Mean Ma.ximum 23 .7  24 .8  28.2 32.8 37.6 3 9.0 
Mean 1 8 . 9  1 9.6 22 .5  26.4 30.5 3 2 . 3  
Meall Minimum 1 4 .0 1 4 . 7  1 7. 3  20. 7 24.6 26.9 
Extreme Minimum 7.9 7 . 5  9 . 8  1 3 . 3  1 6.0 2 1 . 7 
Mean 1 5.3  1 5 . 7  1 7 .6  20. 1 23. 1 2 5 . 5  
Mean Maximum 1 7. 3  1 7.8 1 9. 8  2 2 . 3  2 5 . 3  27.6 
Extreme Maximum 2 2 . 8  27. 1 26.7 27.0 3 1 . 0 3 1 .6 
Mean Maximwn 8 5 . 5  86. 3  83 . 9  8 1 . 1 76. 9  8 2 . 3  
Mean 68.4 67.2 63 .3  57.6 54.6 59. 1 
Mean M i nimum 47.6 4 3 . 8  38 .7  3 1 . 4 26. 1 3 1 . 8 
Extreme M i n i mwn 1 1 .0 1 0.0 7.0 5 .0 7.0 3 . 0  
Mean QNH 1 0 1 8 .6 1 0 1 6. 6  1 0 1 4 .0 1 0 1 0.6 1 006. 2  999.9 
Mean Vapour Pressure 1 4 . 8  1 5 . 1  1 6.6  1 8.8 22.7 27.6 
Total Mean 9.0 2 l . 9 1 5 . 3  7.0 1 . 0 0.0 
Total Maxi mum 48.8 1 56 . 5  86. 5 52 . 5  26.3 0.0 
24hour Maxi mum 30.2 8 l . 5 45.4 52.2 1 6. 1 0.0 
I ncludi ng Trace 4 . 4  4 .8  6 . 5  3 . 2  0 . 5  0.0 
>0. 2 m m  1 . 5 2 . 9  2 . 8  l . 2 0. 1 0 .0 
Mean 3 . 7  4 . 3  4 . 5  3 . 9  3 . 9  4 . 0  
Mean Maximum 7 . 4  8. 1 8 . 9  8 . 5  8 . 4  8.3 
Extreme Maximwn 1 7. 5  1 9 . 1  2 l . 6 1 8. 5  27 .3  1 7.0 
Gust 2 1 . 1  29.4 30.9 2 3 . 7  30.4 20. 1 
Fog 2 . 2  2 . 4  1 . 9 1 .0 0 . 7  1 .0 
Haze 1 4.2  1 2. 8  1 6. 3  1 2 . 8  1 4 . 8  20.0 
Sandstorm 0.2 0.2 0.8 0 .5  0 . 3  0 . 2  
Thundcrstonn 0.4 1 . 3 1 . 8 0.9 0.3  0.0 
cloud >4/8 6 . 5  5 . 2  7 . 8  5 .0  1 . 4 0 . 4  
-
Jul  Aug Sep Oct Nov Dec Annual  
48.0 47 .3  44.6 4 1 . 6 36.7 32.6 48.0 
40. 3  40.6 39.0 34.9 30. 1 2 5 . 7  3 3 . 1 
3 3 . 9  34. 2 3 2 . 2  28 .8  24.6 20. 8  2 7 . 1 
29 .0 29 .5  26.8 23.2 1 9. 1  1 5 . 9  2 1 . 8 
2 2 . 7  2 5 . 6  20.4 1 5.4  1 2 . 3  9 . 6  7 . 5  
27. 1 27.6 26. 1 23 .4  1 9. 9  1 7 .0 2 1 . 5 
29 .3  29.9 28.5 25 .6 22 . 1 1 9.0 2 3 . 7  
3 3 . 4  34.0 3 2 . 5  29 .5  28 .8  23 .2  34.0 
83 .4 83 .3  86. 2  85.4 84.0 85.3 8 3 . 9  
60. 9  6 1 . 9 63 . 2  64 . 3  65 .3  68.5 62.9 
3 3 . 3  34.4 3 1 . 9 35 .8  4 l .6  47 .3  3 7.0 
6.0 9.0 5.0 7.0 6.0 1 5 .0 3 .0 
997. 1 999.0 1 005 . 1 1 0 1 2. 0  1 0 1 6. 1  1 0 1 8 . 5  1 009.5 I 
30.9 3 2 . 2  2 9 . 5  2 4 . 9  1 9. 9  1 6.6  2 2 . 5  
0 . 4  1 . 2 0.0 Trace 0 . 3  6 . 7  62 .9  
1 0. 2  29 .7  0.0 Trace 3 . 2  59.8 1 95 . 2  
9.6 28.7 0.0 Trace 2 . 4  26.0 8 1 . 5 
0.4 0.4 0.0 0.0 0.5 3 . 6  24.4 
0. 1 0. 1 0.0 0.0 0.2 1 . 5  1 0. 5  
3 . 8  3 . 9  3 . 6  3 . 2  3 . 1 3 . 3  3 . 8  
8 . 1 8 .3  7 .7  7 . 1 6.6 6.8 7 . 9  
1 5. 5  1 9.6  1 3 . 9  1 3 . 9  1 5. 5  1 7. 5  27 .3  
1 9. 1  27.8 1 . 5 1 9. 1  1 9. 1  20. 1 3 5 . 5  
0.4 0 .7  2.0 2 . 5  1 0  1 .6 1 7 . 3  
22.6 2 l . 2 1 7. 9  1 4 . 5  1 1 . 1  1 2 . 3  1 90.6 
0.2 0.3 0. 1 0. 1 0 .2  0 .0 2 .9  
0.0 0. 1 0.0 0.0 0.0 0.3 5 . 1 
2 . 0  I . 3  0 . 2  0 . 3  0 . 9  4 . 3  3 5 . 2  
o 0\ 
Table 3 . 6 .2  
Earth 
Temperature 
(Degree Celsius) 
G round 
Temperature 
El'aporation 
( PAN) 
(mi l l imeters) 
Sola r  
Radiat ion 
(kWb/sq.m) 
Sun shine 
(hou rs) 
Total Cloud 
(oktas) 
Abu Dhabi B ateen Ai rport long tenn cl imate ( 1 97 1 - 1 996 ) . 
Jan Feb M a r  Apr M ay Jun 
50cm Mean 23 .6  23 .5  25 .3  28 .3  3 1 . 7 34 .2  
50cm Maximum 27.2 26.2 29.0 3 2 . 2  3 5 . 8  3 7 .0 
1 00cm Mean 2 5 . 7  24.9 2 5 . 7  27.6 30.3 32.6 
1 00cm Maximum 27.8 26.6 28 .3  30.9 3 3 . 7  3 5 . 7  
Mean Minimum 1 1 . 3 1 2 . 1  1 4 . 7  1 7.6  2 1 . 2 2 3 . 8  
Extreme M inimum 2 . 9  2 .6  4 . 8  8 . 4  1 2 .0 1 5 .6 
Total 1 26.6 1 46 . 7  203 . 4  252 . 1 3 3 7 . 3  330.7 
Mean 4 . 1 5 . 2  6 . 5  8.4 10.9 1 1 . 0  
Maximum 1 3 . 1 1 3 .6  1 5.6  1 8. 2  20. 1 1 9. 5  
Total 1 1 5 .6 1 3 1 . 4 1 58 .6  1 80 . 7  207.6 208.0 
Mean 3 . 9  4 . 7  5 . 5  6 . 1 7 . 1 7.0 
Maximum 6.0 7.3 8 . 2  8 . 2  9 . 2  8 . 7  
Total 244. 3  2 3 3 . 2  246.4 2 8 1 . 0  3 4 3 . 7  3 3 9 . 9  
Mean 7 .9  8 . 3  8 . 0  9.4 1 1 . 1  1 1 . 3  
Maximum 1 0.6 1 1 . 3 1 1 . 6  1 2 . 3  1 2 . 8  1 2 . 8  
Mean 2 . 5  2 . 3  2 . 5  2 . 0  0 . 9  0.6 
Maximum 7 . 8  8 . 0  7 . 8  7. 1 7 . 1 6 .0 
-. _._-
Jul  Aug Sep Oct Nov Dec Annual  
3 5.6 36.6 35.8 3 3 . 3  29.7 25.9 30.3 
38.8 38.8  38 .7  36.8 3 3 . 4  2 9 . 5  3 8 . 8  
34 . 1 3 5 . 2  3 5 . 1 3 3 . 7  3 1 . 2 28. 1 30 .3  
3 7 . 4  38 . 1 37 .2  36 .4  34 .8  3 1 . 3 38. 1 
26.6 27 .3  24. 1 20. 3  1 6 . 1 1 3 . 1 1 9.0  
1 8. 5  1 7. 9  1 3 . 7  9.0 8. 1 3 . 4  2 . 6  
3 3 3 . 0  329.0 276.3 224.2 1 64 . 7  1 27.6 285 1 . 6 
1 0. 8  1 0.6  9 .2  7 . 2  5 . 5  4. 1 7 . 8  
20.5 22.4 1 6.0 1 4 . 4  1 2. 7  1 0 . 2  2 2 . 4  
1 93 . 0  ] 96.0 1 77 . 2  1 6 1 . 7 1 3 1 . 5 1 1 1 . 2 1 97 2 . 5  
6 . 4  6 . 4  6 . 3  5 . 5  4 . 6  3 . 9  5 . 6  
8 . 4  7 . 9  7 . 9  7 . 2  6 . 2  6 . 4  9 . 2  
3 1 2 .6  308. 9 302 . 3  306 . 2  285.8 2 5 5 . 3  3 4 5 9 . 5  
1 0 . 1 1 0.0 1 0. 2  9 .9  9 . 5  8 . 2  9 . 0  
1 2. 5  1 2 .0 1 1 . 5  1 1 .0  1 0 .6 1 0. 8  1 2 .8  
1 . 4 l . 2 0 .6  0. 5 1 . 1  2 . 2  1 . 5 
7 . 3  6 . 7  4 . 8  5 . 8  5 . 8  7 3 . 0  8 . 0  
- -- - -
'" 
Table 3 . 7  Dubai international a irport long term cl imate ( 1 974 - 1 996). 
Jan Feb M a r  Apr M ay J un J u l  A ug Sep Oct Nov Dec A nnual 
Extreme Maximum Dry Bulb 3 1 .8 3 3 .6 40.9 43.0 47.0 47.3 47.2 46.3 44.6 4 1 . 1  36.4 32. 4 47.3  
Tempera t u re Mean Maximum Dry Bulb 2 3 . 9  24.6 27.7 3 2 . 2  3 6 . 9  38 .9  40.5 40.6 38.7 3 5. 1  30.5 26. 1 3 3 .0 
( Degree Cels i us) Mean Dry Bulb 1 8 .8 1 9.4 22.2 26.0 30. 1 3 2 . 3  3 4 . 3  3 4 . 5  3 2 . 2  2 8 . 8  24.4 20.6 27.0 
Mean Minimum Dry Bulb 1 3 . 8  1 4.6 1 7. 1  20. 1 23 .7  26.2 29.0 29.4 26.4 2 2 . 8  1 8. 5  1 5 . 5  2 1 .4 
Extreme Minimum Dry Bulb 7.7 7 .4 1 0. 1  1 2 . 8  1 5. 7  20.7 20.4 24.0 22.0 1 4 . 4  1 0. I 8.2 7 .4 
Mean Wet Bulb 1 4 .8 1 5 .6 1 7. 3  1 9.4 22.4 25.0 26.6 26.8 25.5 22.8 1 9. 2  1 6 . 4  2 1 .0 
Mean Maximum 8 3 . 9  8 5 . 3  84. 1 79. 1 75.2 8 1 . 1  79.2 77.5 83.5 82.7 8 1 .4 83.6 8 1 .4 
Relative Mean 65.5  65.8  63 . 1  55.3  52. 1 57.5 56. 5 56.4 59.6 60.0 60.8 65 . 1  59.8 
H u mi d i ty Mean Minimum 44.8 4 3 . 8  40. 1 3 2 . 2  28. 1 3 1 . 1  32 .2  32.7 3 1 . 2 3 3 . 7  37.6 44.2 36.0 
(percent) Extreme MinimlUn 7.0 9.0 9.0 4.0 7.0 6.0 6.0 6.0 4.0 5.0 9.0 1 2.0 4.0 
Pres s u re Mean QNH 1 0 1 8.7 1 0 1 6.8 1 0 1 4 . 1  1 0 1 0.7 1 006.2 1 000.0 997.4 999.3 1 005.4 1 0 1 2.2 1 0 1 6. 3  1 0 1 8.6 1 009.6 
(h Pa) Mean Vapor Pressure 1 4 . 1  1 4 . 7  1 6.4 1 7. 8  2 1 . 1  26.9 29.4 29.4 27.8 2 3 . 5  1 8. 5  1 5 .8 2 1 . 3 
Sunshine Total 250.2 2 3 3 . 3  254. 1 297.4 347.4 342.9 325 .6 3 1 9. 7  3 1 0.7 307.7 284.6 252.7 3526.3 
(hou rs) Mean 8. 1 8 .3 8.2 9.9 1 1 . 2  1 1 . 5  1 0. 5  1 0.3 1 0. 4  9 . 9  9.5 8.2 9 .7  
Maximum 1 0 . 5  1 1 .0 1 1 . 7 1 2 . 3  1 2 .6 1 2 . 8  1 2 . 4  1 2 . 1  1 1 . 5 1 1 .0 1 0. 8  1 0. 3  1 2 . 8  
Total Mean 1 2 . 8  3 4 . 6  26.4 8.0 0.6 0.0 1 . 5 Trace 0. 1 Trace 1 . 4 1 9. 1  1 04 . 3  
R a i n  Total Maximum 48.6 1 90.4 1 55 . 4  4 3 . 7  1 2 . 9  0.0 3 3 . 2  0 . 4  1 . 3 Trace 1 7.0 1 30.6 228.6 
(mil l imete rs) 24hour Maximum 32.5 1 50.2 90.5 3 3 . 1 1 0. 9  0.0 1 7.0 0.4 1 . 3 Trace 1 7 .0 7 3 . 0  1 50.2 
Rain Including Trace 5.6 6.0 7. 1 2 .7  0 .4 0.0 0.6 0 .8  0. 1 0. 1 0.7 4 . 3  28.4 
Days >0.2mm 2 . 3  3 . 8  4.0 1 . 5 0. 1 0.0 0.2 0. 1 0.0 0.0 0.3 2 .5  1 4. 8  
W i n d  Speed Mean 3 . 1 3 . 7  3 . 7  3.6 3 . 8  3 . 9  3 . 6  3 . 6  3 . 4  3 . 0  2 . 9  3 . 1 3 . 5  
( mts) Mean Maximum 6.3 7.0 7.4 7.3 7.4 7. 1 7 .2  7 . 3  7 . 1  6 .7 6 . 2  6. 1 6.9 
Extreme Maximum 1 4 .4 1 6. 5  25.8 2 1 .6 1 8. 5  1 3 . 4  1 8. 5  1 5 . 5  1 1 . 3  1 2 . 4  1 4 . 4  1 5. 5  25 .8  
Gusl 1 9.6 24.7 29.4 34.5 22. 1 1 9. 1  25 .8  27.8  28.3 1 7.0 1 9.6 27.8 34.5 
Fog 1 . 3 2 . 3  2 .7  2 .3  1 . 9 3 .0 1 . 2 1 .0 3 . 4  2 . 7  0 . 8  0.7 2 3 . 2  
Weather Haze 1 0.6 1 1 . 5  1 4 . 9  1 1 .6 1 3 .4 20.3 22.0 1 8. 3  1 6 . 4  1 2 .2 8. 1 9 .3  1 68. 5 
Days Sandstonn 0.3 0.3 0.7 0.3 0 2  0.0 0.3 0.3 0.2 0.2 0.0 0.2 3 .0 
Thunderstonn 0.3 1 I 1 . 7 0 .8  0.2 0.0 0. 1 0.0 0.0 0.0 0. 1 0.5 4.9 .-
r-l 
0\ 
Table  3 . 8  
Temperature 
(Degree Celsius) 
Relat ive 
Humidi t}· 
(percent) 
Pressure 
(hPa) 
Sunshine 
(hou rs) 
Rain 
(mil l imetres) 
Rain 
Days 
W ind Speed 
(m/s) 
Weather 
Days 
Ras A I -Khai mah i nternatonal ai rport long term c l imate ( 1 97 7  - 1 996). 
Jan Feb M a r  Apr May Jun Jul 
Extreme Maximwn Dry Bulb 32.0 3 3 . 4  4 2 . 2  42.8 46.6 48. 1 48.2 
Mean Maximum Dry Bulb 24.7 25.8 29.2 35 .0 3 9.6 42.3  42.7 
Mean Dry Bulb 1 8 . 3  1 9. 4  2 2 . 2  26.6 3 1 . 3  3 3 . 7  3 5 . 4  
M ea n  Minimwn Dry Bulb 1 1 . 9  1 3 .0 1 5 .6 1 8. 7  2 2 . 7  25 .5  28.5 
Extreme Minimwn Dry Bulb 4 . 4  4 . 6  6 . 8  1 1 .0 1 5 .0 1 8. 7  22.5 
Mean Wet Bulb 1 4 .7 1 5 . 5  1 7 . 4  1 9. 5  22. 1 24.6 26.5 
Mean Maximwn 89. 1 88.8 86.6 78.7 7 1 . 1  75.8 75.5 
Mean 69.5 67.5 63.4 5 3 . 1 46. 1 49.6 50. 5 
Mean Minimum 45.3  42 .5  37 .0 27 .4 2 3 .0 24.2 28.9 
Extreme Minimwn 1 7 .0 1 2 .0 7.0 7.0 7.0 8.0 3.0 
Mean QNH 1 0 1 8.8 1 0 1 6. 8  1 0 1 4 . 1  1 0 1 0.7 1 006.4 1 000.6 997.6 
Mean Vapow- Pressw-e 1 4 . 3  1 5 .0 1 6. 3  1 7. 2  1 9 .6 24. 1 27.8 
Total 2 3 2 .4 2 1 9. 5  233.0 283 . 9  3 4 1 . 8 327.5 300.9 
Mean 7 . 5  7.8 7 .5  9 . 5  1 1 .0 1 0. 9  9.7 
Maximwn 1 0.7 1 0. 8  1 1 . 2  1 2 . 5  1 2 . 5  1 2 .6 1 2 .0 
Total Mean 1 7 . 5  4 2 . 2  3 8 . 2  1 0. 9  2.0 0.0 1 . 4 
Total Maximum 70.2 1 60.3 1 75.4  1 1 8.0 37.7 0.0 20.4 
24how- Maximum 48.0 90.2 66.7 97.0 29.9 0.0 1 1 . 4  
Including Trace 4.5 5 .4  6 . 3  1 . 7 0.2 0.0 0.4 
>0 2mm 2 . 3  3 . 9  5.0 1 . 2 0.2 0.0 0 . 3  
Mean 2 . 2  2 . 4  2 . 6  2.6 2 .7  2.9 2.8 
Mean Maximum 5 . 7  6. 1 6 .5  6 . 4  6 .3  6.3 6 . 5  
Extreme Maximum 1 8.0 2 3 . 2  25 8 20.6 20.6 1 4. 4  1 8 .0 
Gust 20.6 2 3 . 2  3 5 . 5  26.8 2 3 . 2  1 7 .0 30.9 
Fog 0.9 2.0 2 . 1 0.9 0.2 0.9 0 .3  
[ la7e 7 . 3  8 . 3  1 1 . 1  8 .3  6 .9  1 2 . 2  1 5 . 3  
Sandstorm 0 5  0. 1 0 3  0 2  0.2 0.0 0.2 
Thunderstorm 0 3  0 6  2 1 0.6 0. 1 0.0 0.2 
-
Aug Sep Oct Nov Dec Annual 
47.2 46. 1 4 3 . 2  37.9 3 4 .0 48 .2  
42 .0 40.2 36.8 3 1 .7 26.8 34.7 
3 5 . 1 3 2 . 3  28.4 2 3 . 7  20.3 27.2 
28.7 24.7 20.6 1 6.6 1 3 . 4  20.0 
22 .4  1 8 . 3  1 0.9 7 . 3  5 . 0  4 . 4  
27.0 25. 1 22.2 1 8. 9  1 6. 1  20.8 
76. 1 82 .4 83 .8 84 . 3  8 8 .  t 8 1 . 7 
5 3 . 1 57.3  59 .4  62.8  68. 8  58.4 
32.0 30.5 30.2 35 . 1 44.7 3 3 . 4  
7.0 5.0 7 .0 1 0.0 1 5 .0 3 . 0  
999.6 1 005.7 1 0 1 2 .4 1 0 1 6. 3  1 0 1 8.8 1 009.8 
29.2 26.2 22.2 1 8 . 2  1 5 . 7  20.5 
307.0 30 1 . 2  30 1 . 5 279.3 235.2  3 3 63 . 1  
1 0.0 1 0.0 9.7 9 .3  7 .6 9.2 
1 2 . 4  1 1 . 4  1 1 . 5  1 0. 8  1 0. 5  1 2 .6 
0.2 1 . 1  5 . 3  6.0 26. 1 1 50.9 
2.8 2 1 .0 97.0 89.6 1 83 . 8  379.7 
2 . 3  2 1 .0 97.0 44.0 48.8 97.0 
0.2 0. 1 0 . 3  0 . 9  4 . 3  24 . 1  
0 . 2  0. 1 0. 1 0.6 3 . 3  1 7 . 2  
2 . 8  2 .3  2 .0 1 . 9 2.0 2.4 
6.7 6.2 6.0 5.6 5 .4  6. 1 
1 3 .9 1 3 . 4  1 5 . 5  1 8.0 1 8. 5  2 5 . 8  
1 7.0 1 9. 1  1 6. 5  2 1 .6 2 1 . 1  3 5 . 5  
0 . 4  2 . 3  2 . 3  0 .4  0 .8  1 3 . 3  
1 3 . 1 1 1 . 2  9 . 9  4 . 7  7 . 5  1 1 5 . 8  
0. 1 0. 1 0. 1 0.0 0.0 1 . 9 
0. 1 0. 1 0.2 0.2 1 . 1  6.5 
M 
0\ 
Table 3 . 9  
Tem perature 
(Degree Celsius) 
Relati,'e 
Humid ity 
(pe rcent) 
P ressure 
(hPa) 
Sunshine 
(hou rs) 
Rain 
( m iUimetres) 
Rain 
Days 
Wind Speed 
( mls) 
Weather 
DaJ' 
Sharj ah in ternatonal ai rport long term cl imate ( 1 97 7  - 1 996). 
Jan Feb 
Extreme Maximum Dry Bulb 32.5  34 .4  
Mean Maximum Dry Bulb 24. 1 25.2 
Mean Dry Bulb 1 7. 7  1 8.6 
Mean Minimum Dry Bulb 1 2. 1  1 2 . 8  
Extreme Minimum Dry Bulb 3 . 4  2 . 5  
Mean Wet Bulb 1 4.2 1 4 . 9  
Mean Maximum 90.5 90.4 
Mean 69.5 68.3 
Mean Mirumum 42.3 40.2 
Extreme Minimum 1 1 .0 1 0.0 
Mean QNH 1 0 1 8 7 1 0 1 6. 7  
Mean Vapour Pressure 1 3 . 5  1 4 .0 
Total 230.5 25.7 
Mean 7.6 8.0 
Maximum 1 0.2 1 0.8  
Total Mean 1 2  1 3 5 . 5  
Total Maximum 53 .3  1 42.9 
24hour Maximum 34.4 1 1 5 . 5  
includIng Trace 5 6  6.7 
>0 2mm 2.0 3.2 
Mean 3 .2  3 .5  
Mean Maximum 5 7  6 .4  
Extreme Maximum 20.6 1 7 .0 
Gust 3 1 . 4 36 I 
Fog 1 8 2 . 4  
I laze 8.7 1 0.5 
Sandstorm 0 3  0. 1 
l11umler5torm 04 1 . 7 
M a r  
42. 1 
28.5 
2 1 . 5 
1 5 . 3  
5 . 8  
1 6.8  
87.8 
64 .3  
34. 8 
6.0 
1 0 1 4 . 1 
1 5 . 4  
249.0 
8.0 
1 1 . 2  
35.6 
1 56 . 4  
76.7 
7 . 8  
4 . 0  
3 . 5  
6 6  
2 1 .6 
25.8 
-- -
3 .0  
1 3 .6 
0.7 
2 4  
Apr 
44.6 
33 .8  
25 .5  
1 8. 1  
1 0.9 
1 9.0 
82.8 
55 .4  
26.8  
4 .0 
1 0 1 0. 7  
1 6.5  
294 . 1 
9.8 
1 2 . 1  
7 .9  
4 3 . 7  
36.6 
2 . 8  
1 . 1  
3 .6  
6 6  
1 8. 5  
2 5 . 8  
2 . 3  
1 1 . 4  
0 2  
1 . 1  
M ay Jun 
46.4 49.2 
38 .7  4 1 .0 
29.9 32 .2  
2 1 .9 24.7 
1 3 .0 1 7. 8  
2 1 . 7 24.7 
77.6 83.6 
50. 4 55 .3  
22.8 24 . 8  
4.0 4.0 
1 006. 5  1 000. 2  
1 9.6 24.5 
347.3  346.6 
1 1 . 3  1 1 .6 
1 2 .6 1 2 .6 
1 . 2 0.0 
20.6 0.0 
1 4 . 4  0.0 
0.6 0.0 
0.3 0.0 
3 . 7  3 . 7  
6.0 5 .7  
1 7 . 5  1 6. 5  
23 .2  2 3 . 2  
2 . 2  3 . 5  
1 0 . 4  1 5 . 8  
o I 0. 1 
0 3  0.0 
Jul Aug Sep Oct Nov Dec Annual 
47.8  48. 2 46 0 4 2 . 4  37 .2  3 2 . 8  4 9 . 2  
42.2  4 1 . 9 39.8 36.0 3 1 .0 26. 1 34.0 
3 4 . 2  34.0 3 1 . 3 27.8 23.3 1 9. 4  26.3 
27.5 27.7 24.3 20.6 1 6. 4  1 3 . 5  1 9 .6 
2 1 . 7 22 .2  1 8 . 4  1 2 . 3  8. 1 4 . 9  2 . 5  
26.4 26.6 24.9 22. 1 1 8 . 5  1 5 . 8  20.5 
8 1 . 4 8 1 . 9  88. 5 88.8 87.6 90.0 85.9 
54 .8  56.9 6 1  1 62. 7  63.6 69.0 60.9 
27.2 29.4 27.4 29.2 34.0 42.0 3 1 . 7 
1 .0 7 0  3.0 2.0 5.0 7.0 1 .0 
997.6 999.5  1 005.8 1 0 1 2 .4 1 0 1 6. 3  1 0 1 8.6 1 009.8 
27.8 28 .7  26.7 22.0 1 7 . 4  1 4 . 9  20. 1 
3 3 1 . 2 325. 1 308.0 30 1 . 3 274.6 240.0 3473 .4  
1 0. 7  1 0. 5  1 0.3  9.7 9. 1 7 . 8  9 . 5  
1 2 . 2  1 2 . 1 1 1 . 8  1 1 . 1  1 0.7 1 2 . 1  1 2 .6 
2 .7  Trace 0.5 Trace 3 . 8  20.8 1 20.0 
53 . 1 0.6 9.2 Trace 4 1 .6 1 46.5 292.3 
35.2 0.6 5 .5  Trace 4 1 .6 60. 7  1 1 5. 5  
0. 8 0.4 0. 1 0. 1 0.8 5 . 2  30.6 
0. 3 0 1  0 . 1 0.0 0.3 2 . 5  1 3 . 7  
3 .5  3 .4  3 . 1  2 . 8  2 . 9  2 . 9  3 .3  
6.5 6.6 6.2 5 .9 5 .6 5.4 6. 1 
1 9.6 1 4 . 9  1 4 . 4  1 1 . 3  1 6. 5  1 4 . 4  2 1 .6 
28.3 20. 1 1 9.6 1 7 .0 23 .2  22. 1 36. 1 
1 . 4 1 . 3 3 .9 4 . 1  1 .0 0.9 27.5 
1 7 .6 1 4 . 8  1 4 . 1 1 1 . 3  5.0 7.6 1 40.6 
0. 3 0. 1 o 1 o 1 0. 1 0.2 2 . 1 
0 .4  0.2 0.2 0 0  0 3  0.9 7.5 
-t 
0\ 
Table 3. 1 0  
Tempera t u re 
(Degree Cels ius)  
Relat ive 
H umldi ty(%) 
P res s u re 
( b Pa) 
Sunshine 
(hou rs) 
W i nd Speed 
(m/s) 
Solar Radiation 
kWh/sq, m 
AI-Ain internatona l a irport c l imate data ( 1 996 ) . 
Jan Feb M a r  A p r  
Mean Maximwn Dry Bulb 24.0 27.7 29. 8  37. 1 
Mean Dry Bulb 1 8. 5  20. 7 23 . 4  28.5 
Mean Minimum Dry Bulb 1 3 ,9 1 4 ,9 1 8, 2  20.5 
Mean Wet Bulb 1 6, 2  1 6. 7  1 9. 0  20.5 
Mean Maximum 88.0 84.0 83 . 0  62.0 
Mean 67.0 59.0 59.0 36.0 
Mean Minimum 46.0 3 3 , 0  3 7 , 0  1 5 . 0  
Mean QNH 1 0 1 8. 0  1 0 1 5 , 5  1 0 1 3 . 2  1 0 1 1 . 3 
Mean Vapour Pressure 1 3 .9 1 3 ,8  1 6.3 1 2 . 5  
Total 23 1 . 1  258.2  1 99 . 7  3 3 1 . 1  
Mean 7 . 5  8.9 6.4 1 1 . 0 
Mean 4 . 0  4 . 3  5 . 4  4 , ] 
Mean Maximum 7.8 8.0 1 0. 4  9 .0 
Extreme Maximum 1 5 . 5  1 3 .9 1 6. 5  1 2.9 
Gust 1 9, 1 1 6. 5  2 1 . 6 1 9. 1 
Mean 3 . 8  5 . 2  5 . 3  7 .6  
M ay J u n  
4 2 . 2  43 . 7  
34, 1 3 5 . 3  
26,0 28,0 
23 ,3  26 .4  
44 ,0  68.0 
24.0 39.0  
1 2. 0  1 8 . 0  
1 008. 1 1 00 1 . 9 
1 2 . 1 2 0 . 2  
344.3 330.3  
1 1 . 1  ] 1 . 0  
4 . 3  4 . 2  
9 .0 1 0. 0  
1 5 , 5  1 6, 0  
20.6 3 1 . 9 
7 . 8  7 . 8  
J u l  Aug Sep Oct Nov Dec Annual 
46.3 44.2 4 1 . 5 36 .7  30 .6  26.4 3 5 . 8  
38. 1 36.3 3 3 . 4  2 8 , 7  2 3 . 4  1 9. 3  28 ,3  
30,9 29.6 26.4 2 1 . 7 1 7, 2  1 3 . l 2 1 . 7  
26,9 27.3 27 . 1 22 .3  1 9, 3  1 6 .3  2 1 . 8 
49,0 58 .0  76.0  7 l . 0 . 77.0 82 .0  70,0  
28.0 36.0 45,0 42 .0  5 3 . 0  5 7 . 0  4 5 . 0  
1 3 . 0  1 7. 0  1 8, 0  1 6, 0  2 7 . 0  3 2 , 0  24,0 
999.4 1 00 1 .9 1 00 5 . 7  1 0 1 3 . 2  1 0 1 6.9 1 0 1 9.8 1 0 1 0.4 
1 7. 2  20.2 2 1 . 5 1 5 . 2  1 4 . 4  1 2 . 2  1 5 , 8  
3 03 . 6  3 04 . 7  3 1 0, 0  3 1 7. 7  292.2 296 . 2  3 5 1 9. 1  
9 . 8  9 . 8  1 0. 3  1 0, 2  9 , 7  9 .6 9 ,6 
4 . 3  4 . 3  3 . 8  4 , 0  3 . 6  3 . 0  4. 1 
1 0. 1 8 .8  8 . 4  7 . 9  7 . 0  5 , 9 8 . 5  
1 5 . 5  1 7. 0  1 1 .3  1 0.3  1 0, 3  8 . 8  1 7,0 
26,8 26,8 1 6. 0  1 6. 5  ] 4 .4 1 2 .4  3 1 . 9 
7 .5  7 . 2  6.9 6. 1 5 . 0  4 . 5  6 . 2  
'n 
0. 
Table 3. 1 1 . 1  Fujairah internaton al ai rport c 1 imat data ( 1 988 - 1 995). 
Jan Feb Mar Apr M ay Jun Jul  AUj! Sep Oct Nov Dec 
Extreme Maximwn Dry Bulb 29.0 30.0 38.4 43 .0 45 .8  49.0 48.7 45.0 45.2 40.5 36.5 3 1 . 8 
Mean Dry Bulb 20.5 2 1 .0 2 3 . 3  28 I 32.7 34.8 3 3 7 32.3  3 1 . 7 29.7 26.3 22.6 
Temperatu re Extreme Mirumwn Dry Bulb 1 0 8 1 1 .0 1 4.8 1 7 .0 23.0 26.4 26.7 27.5 24.4 1 8. 5  1 8.0 1 3 .0 
( Degree Celsius) Mean Wet Bulb 1 5.9 1 6.7  1 8 3 20.8 24.0 26.3 28.6 28.3 26.4 23.6 20.7 1 8.2 
Relat ive H u m idity Mean 63.0 65.0 63.0 54.0 5 1 .0 54.0 69.0 75.0 68.0 6 1 .0 6 1 .0 67.0 
(percent) Extreme Minimwn 23 0 22.0 1 5 0  9.0 9.0 7 0  1 1 .0 1 0.0 1 0.0 1 1 .0 1 6.0 2 3 .0 
Press u re Mean QNH 1 0 1 8.4 1 0 1 6 5 1 0 1 4.0 1 0 1 0.5  1 005 5 999 7 997 .5  1 000.6 1 005.9 1 0 1 2. 3  1 0 1 6 3 1 0 1 8.3  
(h Pa) Mean Vapour Pressure 1 5.2  1 6.2 1 7 .8 1 9 8  24.2 28.8 35 8 35 .8 3 1 . 2 25 2 20 9 1 8. 2  
W i n d  Speed Mean 3 I 3.6 3 I 3.6 3 .6  3 . 1 2 6  2 6  2. 1 2. 1 2 6  2 6  
Extreme Maxlmwn 1 6 5 1 8. 5  20.6 1 8. 5  1 9. 6  1 8 5 20 6 1 1 . 3 9 .3  1 2 4 1 9.6 1 7 . 5  
Cloud ( Oktas) Mean 2 . 3  2 4  2 4  2 2  0.7 0.5 2.3 2 . 7  1 .6 0 7  1 . 1  2 .3  
Table 3. 1 ] .2 Delma Is land cl i mate data of max. temperatu re, relative humidity a n d  sunsh ine hours ( 1 996 ). 
Jan Feb Mar Apr May J u n  Ju l  Aug Sep Oct Nov Dec 
Temperatu re Mean Maxlmwn Dry Bulb 2 3 . 8  2 3 . 9  24 0 30.2 37.4 38 8 39.9 40 2 38.0 34.4 29. 1 2 1 . 4 
Relative H u m idity (%) Mean 78.5 76.5 75.5 67 0 58.0 57 5 6 1 0 6 1 .0 60 0 62.5 63.0 7 5 0 
Sunsh ine (hou rs) Mean 6.9 7 4  8.6 9 7  1 1 .9 1 2 . 1  1 1 6  1 1 .0 1 0 8 1 0. 2  8.7 6.3 
Table 3. 1 1 .3 AI Hamra cl imate data of max.  temperatu re, relative humidity a n d  sunshine h o u rs ( 1 996 ). 
Jan Feb M a r  Apr M ay Jun Ju l  Aug Sep Oct Nov Dec 
Temperat u re Mean MaXImum Dry Bulb 22.9 25.8 27 7 32 5 38 9 39.8 42.0 42 3 38.0 34.7  28.8 2 5 3  
Relat i\'e Humidi ty (%) Mean 7 2 0 65 0 64 0 53 0 4 8 0 50 0 54 0 5 1 0 62.0 63.0 64.0 65.0 
Sun,hine (hours) Mean 7 5  8 9  8 9  9 3  1 0. 8  1 1 3 I L l 1 0.8 1 0 6  1 0.0 9 2  9.0 
Annual 
49.0 
28. 1 
1 0 8 I 
22.3  I 
63.0 I 
7 .0 
1 009.6 
24. 1 
3 . 1  
20 6 
1 . 8 
Annual '  
30.4 
66. 5 
9 6  
Annual 
3 3.2  
59.0 
9.8 
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C HA PT E R  FO U R  
4. 1 Geograph ic  a nd Topograph ic  Featu res of the  UAE : 
9 
The United Arab Emirates is a Gulf country located between latitudes 
22 . 5°-26° north and longitudes 5 1  °_56° east . The total area is about 85 ,000 
quare kilometers . The United Arab Emirates is a federation of seven emirates, 
Abu- Dhabi,  Dubai, ShaIjah, Ras Al-Khaimah, Fujeirah, Ajman and Umm 
Al-Quwain . The Emirates are located south-east of the Arabian Gulf between 
Qatar peninsula to the west and the Musandum peninsula to the east except 
Fujeirah which is situated on coast of the Gulf of Oman. The area is one of 
extremely shallow seas, with large number of offshore is lands and coral reefs 
and often complex pattern of sand-banks, smal l gulfs and coast l ine, which have 
profound influence on its climate . 
The United Arab Emirates has two distinct land elevation zones. The 
larger sandy desert zone covers over ninety percent of the country ' s  surface 
area extending from the Al-Mayann region in the north-west across to the 
eastern part of the U AE, where it is truncated by the mountain zone . The 
mountain zone consist of mountain ranges parallel to the east coast. It has a 
north-south extent of about 1 50 kIn and east-west extent of 50 km. These 
9 
mountains form the northern part of Oman mountains and peak up to height of 
I 500m abo e mean sea Ie el .  The mountains are dissected by several networks 
of wadies of which Dibba Al-Bih and Haam are the most significant. East of 
thi mountain zone, a thin low coastal plain separates the narrow eastern high 
land from the Gulf of Oman . 
The desert zone ranges in altitude from sea level up to 300 meters . Much 
of this region is characterized by sand dunes which rise gradually from the 
coastal plain reaching elevation up to 250 meters above sea level in the Liwa, 
Al-Batin basin . Along the coast of the Arabian Gulf the low lying land is 
punctuated by ancient raised beaches and isolated hil ls  of up to 40 meters high 
above sea level . 
4.2 Genera l  C l i mate of the U ni ted A ra b  E m i ra tes. 
In the following sections, a description of the climatic features of the 
United Arab Emirates wil l  be outlined. This description is based upon 
observation, statistical analysis of climatic data and the analysis of weather 
charts ( surface and upper air weather charts ) .  
The unique location of  United Arab Emirates with characteristic land-sea 
distribution and tropic of cancer passing through it, subtropical high pressure 
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abo e it provides th is region with a tropical desert c limate with se eral typical 
cl imatic features .  
Main! ther are two main air circulations; the winter circulation and the 
ummer one . These two circulations are separated by two transitional periods, 
which do not have harp cut features, because the weather situations during 
the e two periods are not stable .  
The first transitional period (spring) starts at the end of March and end 
towards the end of May. During the spring the winter circulation weakens and 
the summer circulation starts to get established by the begin ing of June. 
The second transitional period (autumn) starts at the end of September 
and ends at the end of November. During this period the summer circulation 
weakens and the winter circulation starts to get established at the beginning of 
December. 
4.3 W i n te r  Weather System : 
In winter, the Siberian high pressure intensifies and extends over Pakistan 
and Iran. A5 a result, the surface air over the surrounding land mass, north of 
the Arabian Gulf becomes colder than that over the Arabian sea. This ,
1 00 
e tablishes a low-Ie el pressure gradient that causes the air to flow from land 
to sea resulting in the northeast mansoon . 
The upper Ie el flow i , generally, westerly .  The mountain ranges, 
exi ting to the north and west of the southwest Asia region, prevents most of 
the cold air from invading the Arabian Gulf, thereby the sea-land temperature 
contrast is weaker in winter than in summer, consequently the northeast 
monsoon winds are, generally, weaker. However, in some occasions, the 
extension of the Siberian high pressure over Pakistan and Iran gets more 
intensified inducing the northeast flow to reach the strong force ( 9- 1 1 mls ) 
that is 4-6 m1s above the usual wind speed. The strong, cold and dry northeast 
surges, locally known as Elnashi gets the temperatures down and raise the sea 
level over the western offshore area of the UAE . 
The very complex topographic features of the vast southwest Asia region, 
to which UAE belongs, bas a major impact on the weather / climate conditions 
of the area. The large mountain ranges to the north and the west of this region 
(Caucasus, Zagros and the Himalayan mountains in Asia and the east Africa 
highlands) act as a blocking mechanism. Some of the extratropical lows from 
the east Mediterranean area weaken / breakup and follow a southeast track 
towards the Arabian Gulf, occasionally. Fluctuations in the surface wind flow, 
over the Arabian Gulf, are usually associated with the passage of these low 
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pre ure areas . A low level hot and dry southeasterly flow de elops ahead of, 
and increa es in inten ity with the approach of such low pressure wave . The 
southea terl flow or Alkaus as 10caIly known favors the conditions for 
quai l-line thlmder tonus.  Widespread blowing sand / sandstonu usually 
accompan uch flow patterns. 
Outbreaks of trong cold air mass from the north fol low in the wake of the 
pa age of the e extratropical waves cause Shamal winds . The most energetic 
cold air incursion occurs when a blocking high over eastern Europe extends 
o er Saudi Arabia with a downstream trough ( area of low pressure ) over 
Iran . The winter Shamal invades the Arabian Gulf on 1 -4 occasions per 
month . It usually  lasts for 1 -2 days and occasional ly 3-4 days . The wind 
speed may exceed 1 0  mls special ly over sea. Gusts of 20 mls or more are 
not unusual with the Shamal  flow during winter and premansoon months. 
During winter months (December to March) cloudiness above 4/8 oktas 
( with 8/8 oktas means overcast sky, that is the sky is fully covered 
with clouds ) occurs in 4-8 days per month . It' s worthy to note that 80 % of 
the total rainfall amounts occurs during winter seasons, and rain also occurs in 
3 to 8 days per month, on the average, compared with 0 to 1 . 0 day for other 
months. The average mean monthly rainfall amounts ranges between about 9 .0  
rum to  about 40 mm per month . 
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orne of the rainfall results from the frontal depre sion tra eling across 
the area whil the mo t of the rainfall accompanies, frequent passage of the 
cloud band migrating from 0 er Ethiopia and Sudan, across the area. 
Depending on the intensity of the low Ie el convergence, these cloud bands 
can gi e intermittent rain or continuously for more than 24 hours or heavy 
hower and thunder torms at times. 
4.4 Su m m er Weather Syste m :  
During summer season, the Euro-Asian surface anticyclone disappears 
due to heat and gets established over the Azores is land. Over the south west 
Asia region, as well as, over the tropical zone, there appear a series of seasonal 
and thermal low pressure systems.  
Early, during summer, a deep monsoon low pressure area centered over 
Pakistan, forming what 's  known as Pakistani heat low. As this  low strengthens, 
it develops fresh northwesterly flow over the southern parts of the Arabian 
Gulf, from late May till early June. This northwesterly flow is  called the 
summer 40 days Shamal . 
The summer Shamal brings rather cold air from sea to land , so it causes 
a relief from the very hot weather conditions. It is often strong during daytime 
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and typicall decrea es by night. Occa ional ly this summer hamal brings 
thick dust haze into the southwestern parts of the UAE. 
During ummer ea on the ITCZ ( inter tropical convergence zone ) 
u ual l l ies between latitude 22°- 24° north, occasional ly moves further north 
bringing exten ive un table medium Ie el c louds and few drops of rain to the 
UAE.  In  ery rare cases incursion of  southwest mansoon flow takes place into 
UAE generating rainfall occasional ly heavy, especially during month of July.  
The atmospheric pressure over the I ndian ocean, during summer i s  weak, 
but relatively high compared to that over the Arabian peninsula, it reaches 
1 000- 1 008 mb over the Indian ocean and 994- 1 000 mb over the Arabian 
peninsula. This yields a very slack pressure gradient to push maritime humid 
air mass from the Indian ocean into the Arabian peninsula .  This explains why 
the Indian ocean, the closest ocean to the UAE, is not an effective source of 
rain to the UAE. 
In summer, the subtropical high disappears and gets replaced by the 
thermal low pressure at the surface level . In the upper level the subtropical 
high shift north of UAE, the air in the upper level tends to subside downwards, 
hence it decreases any chance for cloud formation / development . 
The l and- sea breeze circulation is the most commonly diurnal wind 
c irculation, specially, in absence of fronts and strong depressions in winter, and 
10  .. 
a the case, for mo t da on the non-winter period . The 0 emight 
outh / southea ted land breeze is 2-4 m1s whi le the afternoon north! 
northwesterly ea bre ze is 4 -7m! . In some occasions, the afternoon sea 
breeze can get enhanced to about 1 0 m! , particularly when it sets in; it forms 
what ' known a the sea breeze front. Some few scattered clouds, can appear 
b. noon accompanying such ituations . 
There et another important phenomenon, the afternoon thunderstorms 
which occur 0 er the Hajar mountain . Heavy rain occasional ly occurs during 
luI and August over AI-AID area due to these orographic clouds . Dry dust 
quall resulted from these thunderstorms, can cause a few minutes sandstorm 
and gusty wind ( 25  m/s gusty wind is not unusual with these thunderstorm 
even in few cases wind speed exceeding 35 m1s had been reported )over the 
surrounding places . The dust haze incidence frequency, in summer, is twice 
that in winter . The visibility is generally at its worst. 
4.5 The Tra ns i ti o n a l  Periods : 
Spring : 
The winter disturbances decrease and as a result skies are mainly clear 
with mean daily sunshine of 1 0- 1 1 hours. Starting mid April, the surface 
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becomes hot enough to generate upward current that when meets the cold air in 
the upper level, local thunder activity cells occurs and produce sudden heavy 
rainfall . The extreme maximum 24 hours rainfall for April exceeds that of 
winter months for some places, howe er, the mean monthly total rainfall is 
less .  
Wind direction is not steady as in winter as the sea breeze tends to be 
stronger due to the higher land-sea temperature contrast .  On rare cases the land 
southeasterly breeze can overcome the sea breeze . In such cases the weather 
becomes hot but with low humidity . 
Autu m n : 
The autumn months expenence the most stable weather conditions .  
Rainfall i s  very rare, specially in September and October. Late in November 
the chance of rain increases .  
Winds are generally l ight, the least mean hourly wind speed is for autumn 
months . The land-sea breeze is generally weak as the land -sea temperature 
difference becomes smaller. 
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5.1 olar Rad iatio n :  
C HA PTE R  FIVE 
5. 1 . 1  Ana lysis of  Radiation Data for Abu-Dhabi Airport. 
1 07 
Abu-Dhabi dai ly solar radiation data were analyzed for the period 
1 982- 1 996 ( Table 5 . 1 )  Figure 5 . 1 ) . From Figure ( 5 . 1 ) we can conclude that 
the month of June is the month with maximum total radiation, this is mainly 
because the maximum extraterrestrial radiation received during this  month . The 
reason why the diffuse radiation is the maximum during July can be explained 
by the frequent incidents of haze during this month which means that the are 
high contents of dust particles in  the air causing more diffuse radiation and the 
cloud cover is relatively larger in July than other summer months .  
oc 
:;:, ..... 
Figure 5.1  Abu-Dhabi tota l and d iffuse rad iation for the period 1 982-1 996 
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Table 5 . 1  
Year 
1 982 Total 
1 962 Diffuse 
1 983 Total 
1 983 Diffuse 
1 984 Total 
1 984 Diffuse 
1 985 Total 
1 985 Diffuse 
1 986 Total 
1 986 Diffuse 
1 987 Total 
1 987 Diffuse 
1 988 Total 
1 988 Diffuse 
1 989 Tota l 
1 989 Diffuse 
1 990 Total 
1 990 Diffuse 
1 991 Total 
1 991  Diffuse 
1 992 Tota l 
1 992 Diffuse 
1 993 Total 
1 993 Diffuse 
1 994 Total 
1 994 Diffuse 
1 995 Total 
1 995 Diffuse 
1 996 Total 
1 996 Diffuse 
Mean Tota l 
Mean Diffuse 
Jan 
4 . 1 9  
1 .47 
4 . 56 
1 .58 
4 . 56 
1 .20 
4 . 2 8 
1 .47 
4 . 68 
1 . 1 8  
4 . 8 9 
1 .03 
4 . 5 1  
1 .36 
4 . 60 
1 .36 
4 . 09 
1 .45 
3 . 97 
3 . 5 1  
4 . 1 7  
4 . 06 
3 . 99 
3 . 5 2 
4.24 
1 .34 
Analysis Of Abu Dhabi Solar Radiation For 1 982-1 996 ( kWh/sq.m) 
Feb Mar Apr May Jun Ju l  Aug Sep Oct Nov Dec Annual  
4 . 4 2 5 . 0 1  7 .  J 0 7 . 5 8 7 . 66 7 . 34 6 . 6 7 6 . 5 4 5 . 66 4 . 64 3 . 70 5.87 
2.S4 1 .96 2 .79 2.72 2.49 3 .01 1 .98 1 .92 1 .54 1 .45 2. 1 5  
5 . 0 7 5 . 9 3 6 . 7 3 7 . 62 7 . 8 1  7 . 3 4 6 . 2 5 6 . 70 5 . 74 4 . 9 3 4 . 1 5  6.07 
1 .84 2.56 2.42 2 . 1 1 2 .07 2.21 1 .49 1 ,28 1 .25 1 . 1 5  1 .8 1  
5 . 5 2 6 . 02 7 . 4 6 7 . 6 7 7 . 5 6 7 . 3 5 6 . 7 7 6 . 4 7 5 . 79 4 . 97 4 . 1 0  6 . 1 9  
1 .54 1 .98 1 .80 2. 1 8  2.51 2 .36 2.38 1 .75  1 . 39 1 . 1 0  1 . 1 3  1 .78 
5 . 7 3 6 . 2 0 7 . 3 7 7 . 5 9 8 . 0 2 6 . 8 7 7 . 1 6  6 . 9 7 6 . 05 4 . 97 4 . 2 6 6.29 
1 . 34 2.08 1 .9 1  2.24 2.04 3.05 2.39 1 .27 1 .03 0.97 1 .09 1 .74 
5 . 4 8 6 . 4 6 6 . 66 8 . 1 4  7 . 97 7 . 1 8  7 . 3 0 6 . 94 5 . 94 4 . 8 8 4 . 5 3 6.35 
1 .52 1 .75 2.06 1 .64 1 .9 1  2.66 2.01 1 .38 1 . 54 1 .09 1 .02 1 .65 
5 . 5 5 5 . 56 7 . 4 1  7 . 8 4 7 . 9 1  7 . 69 7 . 0 7 6 . 8 5 6 . 0 3 5 . 1 3  4 . 2 5 6 .35 
1 .37 1 .80 1 .66 1 .94 2 . 1 9 2 . 1 4  1 .42 1 . 1 0  0,92 1 . 1 5  1 .52 
4 . 4 5 6 . 8 7 8 . 2 1  8 . 1 4 7 . 02 7 . 2 6 6 . 8 1  5 . 97 5 . 0 2 4 . 3 4 6.24 
2.1 3 1 .86 2.29 1 .64 1 .70 2.53 1 .77  1 .36 1 .08 0.94 1 .20 1 .66 
5 . 3 2 6 . 04 6 . 2 7 7 . 9 8 7 . 79 7 . 2 9 7 . 1 2  6 . 6 8 5 . 8 8 4 . 99 3 . 8 7 6 . 1 5  
1 .79 1 .99 2 . 1 3  1 .90 2. 1 9  2.44 2 .08 1 .63  1 . 1 5  0 .88 1 .20 1 .73 
4 · 8 9 6 . 4 3 6 . 8 3 7 . 6 2 7 . 5 4 7 . 1 4  6 . 90 6 . 5 2 5 . 66 4 . 8 2 4 . 2 8 6.06 
2.04 
4 · 8 0 4 . 94 6 . 2 1  6 . 70 6 . 8 8 6 . 3 3 6 . 2 1  6 . 0 8 5 . 2 5 4 . 6 8 3 . 8 7 5.49 
4 . 9 5 5 . 2 8 6 . 6 8 7 . 5 5 8 . 0 1  7 . 2 4 6 . 8 4 6 . 66 5 . 6 3 4 . 7 8 3 . 9 7 5.93 
4 . 79 5 . 7 6 5 . 9 1  7 . 09 7 . 4 1  6 . 8 9 6 . 60 6 .  1 1  5 . 2 6 4 . 4 0 3 . 90 5.69 
4 . 99 4 . 8 8 6 . 4 0 7 . 0 7 7 . 1 0  6 . 1 3  6 . 04 5 . 93 5 . 2 2 4 . 3 3 3 . 8 4 5.50 
4 · 3 2 5 . 2 9 6 . 3 7 7 . 3 0 7 . 39 6 . 3 7 6 . 3 4 6 . 09 5 . 1 7  4 . 3 5 2 . 95 5 .49 
4 . 5 1  4 . 7 7 6 . 6 3 7 . 06 7 . 06 6 . 8 7 6 . 5 5 6 . 03 5 . 3 7 4 . 3 1 3 . 8 6 5.55 
4.99 5.61 6 .73 7.54 7 .62 7 .01  6 .74 6 .49 5 .64 4.75 3.99 5.94 
1 .77 2 .00 2 .03 2.05 2 . 1 7 2.48 2.27_ 1 .53 1 .3 1  1 .09 1 . 1 6  1 .77 
5. 1 . 2 a lculation of Declination Angle (8  ) :  
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Table ( 5 .2 ) gi es the values of n, for the average day of each month 
( the average day is that day in which the extraterrestrial radiation is closest to 
the a erage for the month ) and the decl ination . These data do not account for 
the leap year, alues of n from March onward for leap years can be corrected 
b adding one ' 1 ' . Declination values will also shift sl ightly 
(Duffie & Beckman 1 980) . 
5. 1 .3 Calculation of the Sunset Hou r Angle  ( (Os ) : 
For Abu-Dhabi international airport with latitude � = 24° 26' 
( � = 24.43°), and using the values of declination for the average day of the 
month, the sunset hour angles for the average day of the month using equation 
( 2 ) are l i sted in Table ( 5 .2 ) . As it i s  expected the sunset hour angle is larger 
for the summer months, during which the sunshine hours are more . 
S. I A  Calculation of Extraterrestria l  Radiation ( Ho ) on Horizonta l 
Su rface: 
Using equation ( 3 ) . 
fL, = [ ( 24x 3600 Gsc ) / 1t ] X [ 1 + 0 .033 cos ( 360n / 365 ) ] 
x [ cos <l> cos 0 sin COs + ( 21tcos / 360 ) sin <l> sin 0 ] 
where COs is the sunset hour angle in degrees . 
I I I  
The monthly mean daily extraterrestrial radiation, fL, is calculated using n 
and 8 for the mean day of the month . Table ( 5 . 2  ), presents the monthly mean 
daily extraterrestrial radiation for each month for Abu-Dhabi international 
airport . The extraterrestrial solar radiation is higher during summer months, 
with values exceeding 1 0 . 5  kWhlm2, the lowest value is  found for the month of 
December which is  6 . 5 kWhlm2 . 
5. 1 . 5  Calculation of the Maximum Daylight Hours ( So ) :  
The number o f  maximum daylight hours ( So  )was computed using 
equation ( 4 ). The monthly mean of daily sunshine hours ( S ) was obtained 
for different meteorological station from the meteorological data bank in the 
ministry of communication and by the meteorological department at Abu­
Dhabi international airport civil  aviation authority, beside the monthly mean 
N ..... 
..... 
Table 5 .2 The values of average day ( n ) , declination angle ( 8 ) , the calculated sunset hour angle ( cos ) and the 
calculated monthly mean dai ly extraterrestrial radiation (Ho) for Abu Dhabi airport . 
Month! Parameter Jan Feb Mar Apr M ay Jun  Ju l  Au� Sep Oct Nov 
Date 1 7  1 6  1 6  1 5  1 5  1 1  1 7  1 6  1 5  1 5  1 4  
Avera�e Day ( n ) 1 7  47 75 1 05 1 3 5 1 62 1 98 228 2 5 8  2 8 8  3 1 8  
Declination ( Deg.) -20. 9  - 1 3 . 0 -2 .4  9 .4  1 8 . 8  2 3 . 1 2 1 . 2 1 3 . 5  2 . 2  -9 .6 - 1 8 . 9  
Sunset Hour AngJe ( Deg ) 80. 0 1  8 3 . 98 8 8 . 9 1  94 . 3 1 98 .90 1 0 l . 1 7 1 00. 1 5  96.26 9 1 .00 8 5 . 59 8 1 . 0 5  
Ho JJ<Whlm2 ) 6.85  8 . 02 9 .36  1 0. 50 1 l . 1 1 1 1 . 29 1 1 . 1 6 1 0 . 70 9. 74 8 . 3 9  7 . 1 1  
Dec 
1 0  
3 44 
-23 .0 
7 8 . 8 8  
6 . 50 
1 1 3 
dail maxImum temperature ( T )  in degree Celsius, and the monthly mean of 
dai ly relative humidity ( RH ) in percentage %. 
Table ( 5 . 3 ), shows the values of S T, RH and computed So for Abu­
Dhabi international airport beside the calculated maximum sunshine percentage 
possible ( S/So ) .  As it is shown in the table the values of the mean maximum 
temperature are quite high for the summer months ( more than 40 ° C). The 
relative humidities values as it i s  anticipated, are lower during summer months. 
The mean sunshine hours and the maximum daylight hours are higher also for 
summer months, while sunshine as percentage of maximum possible ( S/So ), is  
not related to a season, that is why November has the highest percentage of 
maximum possible slllshine . 
5. 1 .6 Calculation of the Tota l Radiation Using Theoretical Models. 
Table ( 5 .4 ), shows the values of the calculated mean daily total radiation 
using the models; � Hom, Ha And HN ( equations 5-8 ), with the actual 
measured monthly mean daily total radiation ( H )  averaged over the period 
from 1 982 to 1 996. By comparing between the measured monthly mean daily 
total radiation and the calculated monthly mean daily total radiation, we can 
conclude, that Alnaser' s  model is the best model for estimating the total 
radiation based on the small difference between the annual measured monthly 
""t 
� 
Table 5 . 3  Values of S ,  T, RH and calculated So , S/So For Abu-Dhabi international airport 
Month T eC) R H ( % )  Mean s u nshine h o u rs ( 8 ) Max. d ayligh t h o u rs ( So) 
January 23.8 68.3 8.5 1 0.67 
February 24.8 66.5 8.7 1 1 .20 
M arch 28.4 6 1 .5 8.5 1 1 .85 
April 33.4 54.5 9.9 1 2.58 
May 38. 7  50.4 1 1 .4  1 3. 1 9  
J u ne 40 55.5 1 1 .5 1 3.49 
J uly 4 1 . 6 55.6 1 0.6 1 3.35 
A ugust 4 1 .9 59 1 0. 6  1 2.83 
Septem ber 40 59.8 1 0. 5  1 2. 1 3  
October 35.8 62.3 1 0.3 1 1 . 4 1 
November 30. 7 64.9 9.9 1 0.8 1 
December 25.8 68.3 8.5 1 0.52 
S/80 
0.797 
0.777 
0.7 1 7  I I 
0.787 ! I 
0.865 
0.853 
0.794 
0.823 
0.865 
0.903 
0.9 1 6  
0.808 
II) 
-< 
Table 5 .4 The measured total radiation compared to calculated monthly mean daily value using models  HR, Ham, Ho 
and HN ( radiation in kWh/m2 ) 
Parameters / Month Jan Feb M a r  Apr M ay J u n  
H 4.24 4.99 5.67 6.73 7.54 7.62 
HR 4.62 5.3 1 5.85 7.02 7.96 8.00 
HGm 4.65 5.36 5.96 7.07 7.93 7.98 
HG 4. 1 7  4.83 5.47 6.39 7.0 1 7.00 
HN 4.52 5.07 5.56 6.48 7.48 7.52 
'-----�-� 
HR Stands for calculated total radiation using Rietveld 's  model . 
Jul A u g  
7.00 6.74 
7.50 7.40 
7.56 7.42 
6.69 6.48 
7.26 7.04 
Hom Stands for calculated total radiation using Glover and McCul loch ' s  mode l .  
Ho Stands for calculated total radiation using Gopiuathan ' s  mode l .  
HN Stands for calculated total radiation using Alnaser ' s  model . 
Sep Oct Nov Dec 
6.49 5.64 4.75 3.99 
6.98 6.2 1  5.32 4.43 
6.96 6. 1 5  5.26 4.45 
6.03 5.32 4.56 3.96 
6.53 5.74 5.00 4.00 
Annual 
5.95 
6.38 
6.39 
5.66 
6.02 
1 1 6 
mean total radiation and the calculated annual total radiation by Alnaser's 
model . 
Another important model used to calculate the total radiation on a 
horizontal plane is the Page s model ( equation 9 ), the two methods, Rietveld's 
and Gopinathan's equations were used to get the regression coefficients 
( equations 1 0- 1 3  ), and then these coefficient were applied in Page 's  model . 
The results are shown in Table ( 5 . 5  ) compared to the measured total 
radiation . With few exceptions, Page' s  model using Gopinathan ' s  regression 
coefficients, is more accurate in the calculation of the total radiation based on 
the comparison between the calculated and the measured monthly mean total 
radiation. A comparison is shown for the results of estimated total radiation 
obtained by the different models mentioned above ( Figure 5 .2 ) . 
5. 1 .  7 Calculation of Diffuse Radiation : 
The c learness index along with the fraction of the radiation which is 
diffused and its magnitude is calculated for Abu-Dhabi international airport 
using equation ( 1 4  and 1 5  ). In the Table ( 5 . 6 ), the main calculations which 
are done are presented in detai ls  for Abu-Dhabi airport . 
r--
Table 5 . 5  Values of the regression coefficients an d  the estimated total radiation using page 's  model with different 
regression coefficient ( kWhJm2 ) 
Parameters / Month Jan Feb M a r  A p r  M ay 
Hmes. 4.24 4.99 5.67 6.73 7.54 
aR 0.29 0.29 0.27 0.29 0.3 1 
bR 0.44 0.44 0.44 0.44 0.45 
aG 0.4 1  0.4 1  0.39 0.4 1 0.43 
bG 0.3 1 0.32 0.34 0.3 1  0.28 
Hp( R) 4.42 5.05 5.48 6.70 7.73 
Hp(G) 4.50 5.22 5.89 6.87 7.5 1 
�- -
Hmes. Measured total radiation . 
Hp Estimated total radiation using Page' s  mode l .  
R Rietveld ' s  regression coefficients. 
G Gopjnathan ' s  regression coefficients. 
J U D  J ul Aug 
7.62 7.00 6.74 
0.3 1  0.29 0.30 
0.45 0.44 0.45 
0.43 0.4 1 0.42 
0.29 0.3 1 0.30 
7.75 7. 1 7  7. 1 3  
7.60 7.32 7. 1 2  
Sep Oct Nov Dec Annual  
6.49 5.64 4.75 3.99 5.95 
0.3 1  0.32 0.32 0.29 0.30 
0.45 0.45 0.45 0.44 0.45 
0.43 0.44 0.45 0.4 1 0.42 
0. 28 0.2 7  0.27 0.30 0.30 
6.78 6.08 5.23 4.25 6. 1 5  
6.59 5.75 4.50 4.29 6. 1 3  
00 ...... -
Table 5 . 6  Calculat ions of the solar rad iat ion for Abu Dhabi  a i rport ( rad iation i n  kWh/sq . m ) 
Parameters I Months Jan Feb Mar Apr may Jun  Ju l  Aug Sep Oct Nov Dec annual  
n 1 7 .00 47.00 75.00 1 05.00 1 35 .00 1 62.00 1 98.00 228.00 258.00 288 . 00 3 1 8 .00 344.00 
Decl ination (deg.) -20.90 -1 3 .00 -2.40 9 .40 1 8 .80 23. 1 0  2 1 .20 1 3 .50 2 .20 -9.60 - 1 8 .90 -23.00 
Mean Sunshine 'S' (Hours)  8.50 8 .70 8.50 9.90 1 1 .40 1 1 .50 1 0.60 1 0 .60 1 0 .50 1 0 .30 9 .90 8.50 9 .9 1  
So(daily max sunshine hour) 1 0.67 1 1 .20 1 1 .85 1 2 .58 1 3 . 1 9  1 3 .49 1 3.35 1 2 .83 1 2 . 1 3  1 1 .4 1  1 0.8 1  1 0 .52 1 2 .00 
Sunshine as percentage of max possible 0.80 0 .78 0 .72 0.79 0 .86 0.85 0.79 0.83 0 .87 0.90 0.92 0 .81  0 .83 
S unset hour angle (deg. )  80.01 83.98 88.91 94 .3 1  98.90 1 01 . 1 7  1 00. 1 5  96 .26 91 .00 85.59 81 .05 78.88 90.02 
Mean daily max. temperature (deg) 23.80 24.80 28.40 33 .40 38.70 40.00 4 1 .60 4 1 .90 40.00 35 .80 30.70 25.80 33 .74 
Mean dai ly RH percentage 68.30 66.50 6 1 . 50 54 .50 50.40 55.50 55.60 59.00 59.80 62.30 64.90 68.30 60.55 
Monthly mean extraterrestrial radiation 6.85 8.02 9 .36 1 0 .50 1 1 . 1 1  1 1 .29 1 1 . 1 6  1 0. 70 9 .74 8 .39 7 . 1 1 6 .50 9 .23 
Monthly mean dai ly total rad iation 4 .24 4 .99 5.67 6 .73 7 .54 7.62 7 .00 6 .74 6 .49 5.64 4 .75 3 .99 5.95 
Monthly mean daily diffuse rad iat ion 1 .34 1 . 77 2 .00 2 .03 2 .05 2 . 1 7  2 .48 2.27 1 . 53 1 .3 1  1 .09 1 . 1 8  1 .77 
Rietveld reg ression coeffic ient a 0.29 0.29 0 .27 0 .29 0 .31  0 .30 0 .29 0.30 0 .3 1  0 .32 0 .32 0.29 0 .30 
Rietveld regression coefficient b 0.44 0.44 0.44 0.44 0 .45 0 .45 0 .44 0 .45 0 .45 0.45 0.45 0 .44 0 .45 
Gopinathan's regression coefficient a 0 .41  0 .41  0 .39 0 .41  0 .43 0 .43 0 .41  0.42 0.43 0.44 0 .45 0 .41  0 .42 
Gopinathan's regression coefficient b 0.31  0 .32 0 .34 0 .3 1  0.28 0 .29 0 .31  0.30 0 .28 0 .27 0.27 0.30 0.30 
Correction factor (W) 1 .09 1 .05 1 .02 1 .02 1 .07 1 .08 1 .09 1 .09 1 .08 1 .08 1 . 1 0  1 .01  1 .06 
Estimated Total Radiation 
R itveld model 4.62 5 .31  5 .85 7.02 7 .96 8 .00 7 .50 7 . 40 6 .98 6 .2 1  5 .32 4 .43 6 .38 
Glover&McCul ioch's model 4 .65 5 .36 5 .96 7 .07 7 .93 7 .98 7 .56 7 .42 6 .96 6 . 1 5  5 .26 4 .45 6 .40 
Gopinathan's model 4 . 1 7  4 .83 5 .47 6 .39 7 .01  7 .00 6 .69 6.48 6 .03 5 .32 4 . 56 3 .96 5.66 
Alnaser's model 4 .52 5.07 5 .56 6 .48 7.48 7 .52 7 .26 7 .04 6 .53 5 .74 5 .00 4 .00 6 .02 
Page's model (Rietveld constants) 4.42 5 .05 5.48 6 .70 7 .73  7 .75 7 . 1 7  7 . 1 3  6 .78 6 .08 5 .23 4 .25 6 . 1 5 
Page's model (Gopinathan constant) 4.50 5.22 5 .89 6.87 7 .5 1  7 .60 7 .32 7 . 1 2  6 .59 5 .75 4 .90 4 .29 6 . 1 3  
Clearness index Kt Alnaser's model 0.66 0.63 0 .59 0.62 0.67 0.67 0.65 0.66 0.67 0.68 0 .70 0 .62 0 .65 
Fraction ( Hd I H ) for Alnaser model 0 .30 0.32 0 .36 0 .36 0 .34 0.35 0 .36 0 .34 0 .32 0 .30 0 .29 0 .32 0.33 
Estimated magnitude of d iffuse rad. 1 .36 1 .64 1 .98 2 .32 2.55 2.63 2 .58 2 .4 1  2 . 1 1  1 .75 1 . 43 1 .27 2.00 
::--
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F ig u re 5 .2  Comparison of various models in  estimating the total rad iation ( kWh/sq . m ) 
-I 
1 2  
...... meas.tot rad 
Alnaser's model 
_ Page's ( Rietveld ) 
_Page's ( Goplnathan) 
-e- Goplnathan's 
'-o-GIOVer&MCCUIIOCh 
-A- Ritveld model __ _ � 
Months 
1 20 
The percentage difference is calculated for the different total radiation 
computed by the theoretical models  compared to the measured total radiation 
( Tables 5 . 7  - 5 .9 ) .  
As i t  can be seen from Table ( 5 .7  ), Alnaser' s model is sti l l  the best 
model in calculating the total radiation. Table ( 5 . 8  ), c learly verify that, the 
lowest percentage difference of total radiation by various models from the 
measured is found by using Alnaser's model s  ( 1 . 1 3%). This percentage is 
remarkably low, the Page' s  model using Gopinathan ' s  regression coefficient 
comes as the second model to consider with low percentage difference 
( 3 .02% ) .  And since the diffuse radiation data is available only for Abu- Dhabi 
international airport . The clearness index was calculated using Alnaser' s  model 
to find the fraction of the diffuse radiation. When computing the percentage 
difference between the measured and the calculated diffuse radiation using 
Alnaser' s model ( Table 5 .9 ), the percentage is toward the h igh side, but, it i s  
used for the other stations, since it i s  the best formula for computing the total 
radiation .  
The same calculation was done with Bateen and AI-All airports data 
because of the availability of the total radiation data ( for AI-All only 1 996 
data are available for the time being ), ( Tables 5 . 1 0  and 5 . 1 1 ) .  
-
N 
Table 5 . 7  Comparison between various models i n  ca lculat ing mean tota l rad iation 
For Abu-Dhabi  international  a i rport (kWh/sq m ) 
Model \ month Jan Feb Mar Apr may Jun Jul Aug Sep Oct Nov 
measured total rad .  4.24 4 .99 5.67 6.73 7 .54 7 .62 7.00 6.74 6.49 5.64 4 .75 
Alnaser's 4 .52 5 .07 5 .56 6.48 7 .48 7 .52 7 .26 7 .04 6.53 5.74 5 .00 
Page's ( Rietveld ) 4.42 5.05 5 .48 6.70 7.73 7.75 7 . 1 7  7 . 1 3  6 .78 6.08 5 .23 
Page's ( Gopinathan) 4 . 50 5.22 5.89 6 .87 7 .51  7.60 7. 32 7 . 1 2  6.59 5.75 4 .90 
Gopinathan's 4. 1 7  4 .83 5 .47 6 .39 7 .01  7.00 6.69 6.48 6.03 5.32 4 . 56 
Glover & McCulloch's 4.65 5 .36 5.96 7.07 7.93 7 .98 7 .56 7 .42 6.96 6 . 1 5  5 .26 
Ritveld's 4.62 5 .31  5 .85 7 .02 7 .96 8.00 7 .50 7.40 6.98 6 .21  5 .32 
Dec 
3 .99 
4.00 
4 .25 
4 .29 
3 .96 
4 .45 
4 .43 
Table 5 . 8  Percentage d i fference from t h e  measured total rad iation  by various models 
( Abu-Dhabi ) 
Model / Month Jan Feb Mar Apr may Jun Ju l  Aug Sep Oct Nov Dec 
Alnaser's 6.59 1 .61 - 1 .99 -3.63 -0.70 - 1 .27 3 .63 4 .45 0.63 1 .66 5 .36 0.25 
Page's ( Rietveld ) 4 . 1 1 1 .33 -3 .29 -0 .46 2.61 1 .76 2.43 5.81 4 .49 7 .78 1 0 .09 6 .38 
Page's ( Gopinathan) 6.03 4 .60 3.94 2.04 -0.29 -0.27 4 .53 5.62 1 .49 1 .98 3 . 1 6  7 .50 
Gopinathan's - 1 .76 -3.05 -3.44 -5 .06 -7.03 -8. 1 6  -4 .49 -3.91 -7.08 -5.78 -3 .96 -0.74 
Glover&McCul loch's 9 .53 7 .45 5. 1 7  5. 1 2  5 .23 4 .82 7 .89 1 0.07 7. 1 3  9 .06 1 0 .88 1 1 .43 
Ritveld 's 8.83 6 .43 3 . 1 3 4 .29 5 .59 5.00 7 . 1 4  9 .85 7 .51  9 .99 1 2 .02 1 0 .90 
Ta ble 5 . 9  Percentage d ifference of monthly mean d a i ly d iffuse rad iation calcu lated u s i ng 
Alnaser model from the measured ( Abu- D habi  ) . 
Model / Month Jan Feb Mar Apr may Jun Ju l  Aug Sep Oct Nov Dec 
Measured diffuse radiation 1 .34 1 . 77 2.00 2 .03 2.05 2 . 1 7  2 .48 2 .27 1 . 53 1 .3 1  1 .09 1 . 1 8  
Calculated d iffuse radiation 1 . 36 1 .64 1 .98 2 .32 2 .55 2.63 2 .58 2 .4 1  2. 1 1  1 .75 1 . 43 1 .27 
% Difference for diffuse rad .  1 .42 -7.99 -0 .82 1 2.61 1 9 .66 1 7 . 56 3 .93 5 .71  27.50 25.02 23.92 7. 25 
Annual 
5.95 
6.02 
6 . 1 5  
6. 1 3  
5 .66 
6.40 
6 . 38 
Annual 
1 . 1 3  
3 .33 
3 .02 
-4 .90 
7 .50 
7 .26 
Annual  
1 . 77 
2.00 
1 1 . 73 
N 
N 
Table 5 . 1 0  Ca lculation of so lar rad iation for Bateen a i rport ( rad iat ion i n  kWh/sq . m  ) 
Parameters I Months Jan Feb Mar Apr may Jun  Ju l  Aug Sep 
n 1 7 . 0  47 . 0  75 .0 1 05 .0  1 35 . 0  1 62 . 0  1 98 . 0  228 . 0  258 . 0  
Dec l ination Deg -20.9 -1 3 .0  -2 . 4  9 . 4  1 8. 8  23. 1 2 1 . 2  1 3. 5  2 . 2  
Mean Sunsh ine !Hours) 7.9 8 .3  8 .0  9 .4  1 1 . 1 1 1 . 3 1 0 . 1  1 0. 0  1 0. 2  
N(dai ly max sunsh ine h r) 1 0.7  1 1 .2 1 1 . 9 1 2.6  1 3 . 2  1 3. 5  1 3. 4  1 2. 8  1 2 . 1  
Sunshine Percentage Of Max. Possib le 0 . 7  0 .7  0 .7  0 . 7  0 . 8  0 . 8 0 . 8  0 . 8  0. 8 
Sunset Hour Angle Deg. 80.0 84 . 0  88.9 94 . 3  98. 9  1 01 . 2  1 00. 1 96. 3  91 . 0  
Mean Dai ly Max. Temperature Deg. 23.7 24 . 8  28 .2 32 . 8  37 .6 39.0 40. 3 40 .6 39. 0 
Mean Dai ly R. Humid ity Percentage 68.4 67.2 63. 3 57 . 6  54. 6  59. 1 60. 9  6 1 . 9  63 .2 
Monthly Mean Extraterrestrial Rad. 6 . 8  8 . 0  9 .4 1 0. 5  1 1 . 1 1 1 . 3 1 1 . 2 1 0. 7  9 . 7  
Monthly Mean Dai ly Total Radiation 3 .9  4 .7  5 .5  6. 1 7 . 1 7 . 0  6 . 4  6 . 4  6 . 3  
Rietveld Regression Coeffic ie nt a 0 . 3  0. 3 0 .3 0 . 3  0 . 3  0 . 3  0 . 3  0 . 3  0 . 3  
Rietveld Regression Coeffic ient b 0 . 4  0 . 4  0 . 4  0 . 4  0 . 4  0 . 4  0 . 4  0 . 4  0 . 4  
Gopinathan's Regression Coeffic ient a 0 . 4  0 . 4  0 . 4  0 .4  0 .4  0 .4  0 . 4  0 .4  0 .4  
Gopinathan's Regression Coeffic ient b 0.3  0 .3  0 .4  0 .3  0 . 3  0 . 3  0 . 3  0 . 3  0 . 3  
Correction Factor (W) 1 . 1  1 . 0 1 . 0 1 . 0 1 . 1 1 . 1  1 . 1 1 . 1  1 . 1  
Estimated Total Radiation By Various Models 
R itveld Model .  4 . 4  5 . 1 5 .6  6 . 8  7 . 8  7 . 9  7 . 2  7 . 1  6 . 8  
Glover & McCul loch's Model .  4 . 4  5 .2  5 . 8  6 .9  7 . 8  7 .9  7 .3  7 . 2  6 . 8  
Gopinathan's Mode l .  4 . 0  4 . 7  5 . 3  6 . 2  6 . 9  6 .9 6 . 5  6 . 3  5 . 9  
Alnaser's Model. 4 . 4  5 . 0  5 . 4  6 . 3  7 . 4  7 . 4  7 . 1  6 . 8  6 . 4  
Page's Model (Rietveld Constants) 4. 1 4 .8  5 .2  6 .4  7 .5  7 . 6  6 .9  6 .8  6 . 6  
Page's Model (Gopinathan's Constants) 4 . 4  5. 1 5 . 7  6 . 7  7 . 4  7 . 5  7 . 2  7 . 0  6 . 5  
% Difference ( Measured & Alnaser) 1 2 . 0  5 . 2  - 1 . 3  3 .0 4 . 2  6 . 3  9 .7  6 .9 2 . 2  
clearness i ndex Kt (AI naser's Model) 0 . 6  0 . 6  0 . 6  0 . 6  0 . 7  0 . 7  0 . 6  0 . 6  0 . 7  
Fraction Of ( Hd I H ) For Alnaser Model 0 . 3  0 . 3  0 . 4  0 . 4  0 . 3  0 . 4  0 . 4  0 . 4  0 . 3  
Estimated Magn itude Of Diffuse Rad. 1 . 4 1 .6 2 . 0  2 . 3  2 . 5  2 . 6  2 . 6  2 . 4  2 . 1 
- --
Oct Nov Dec Annual 
288.0 31 8 . 0  344. 0  
-9.6  - 1 8 .9  -23 . 0  
9 .9 9 .5  8 .2  9 .0  
1 1 . 4 1 0. 8  1 0. 5  1 2 . 0  
0 . 9  0 . 9  0 . 8  0 . 8 
85 .6 8 1 . 1  78 .9  90. 0  
34 . 9  30. 1 25 .7  33. 1 
64 . 3  65.3 68. 5  62 .9  
8 .4  7. 1 6 . 5  9 .2  
5. 5 4 . 6  3 . 9  5 . 6  
0 . 3  0 . 3  0 . 3  0 . 3  
0 . 4  0 . 5  0 . 4  0 . 4  
0 . 4  0 . 4  0 . 4  0 .4  
0 .3  0 .3  0 .3  0 . 3 
1 . 1  1 . 1 1 . 0 1 . 1 
6 . 0  5 . 2  4 . 3  6 . 2  
6 . 0  5. 1 4 . 4  6 . 2  
5 . 2  4 . 5  3 .9 5 . 5  
5 . 6  4 . 9  3 . 9  5 . 9  
5 . 9  5 . 0  4 . 1 5 . 9  
5 . 7  4 . 8  4 . 2  6 . 0  I 
3 . 2  6 . 9  1 . 8 4 . 9  
0 . 7  0 . 7  0 . 6  0 . 6  
0 . 3  0 . 3  0 . 3  0 . 3  
1 . 7 1 . 4 1 . 3 2 . 0  
-�-
(') 
N 
...... 
Table  5 . 1 1  Ca lculation of solar  rad iat ion for AI Ai n a i rport ( radi at ion i n  kWh/sq . m  ) 
Parameters I Months Jan Feb Mar Apr may J u n  Jul  Aug Sep Oct 
n 1 7 .00 47.00 75.00 1 05.00 1 35 . 00 1 62 .00 1 98 .00 228.00 258.00 288.00 
Decl inat ion Deg -20.90 - 1 3.00 -2 .40 9. 40 1 8 .80 23 . 1 0  2 1 .20 1 3 . 50 2 .20 -9 .60 
Mean Sunshine (Hours) 7.50 8.90 6 .40 1 1 .00 1 1 . 1 0  1 1 .00 9 .80 9 .80 1 0 .30 1 0.20 
N(Da i ly Max Sunshine Hours) 1 0 .68 1 1 .20 1 1 .86 1 2 . 57 1 3 . 1 8  1 3 .48 1 3 . 34 1 2 .83 1 2 . 1 3  1 1 .42 
Sunshine Percentage Of Max Possible 0.70 0.79 0.54 0 . 88 0.84 0 .82 0.73 0 . 76 0 .85 0 .89 
Sunset Hour Angle deg. 80.09 84.03 88.92 94 .28 98.82 1 0 1 .08 1 00 . 06 96.2 1 90.99 85.63 
Mean Da i ly Max.  Temperature Deg. 24.00 27.70 29.80 37. 1 0  42.20 43.70 46.30 44.20 4 1 . 50 36.70 
Mean Da i ly R. Humid ity Percentage 67.00 59.00 59.00 36.00 24.00 39.00 28 .00 36.00 45.00 42.00 
Monthly Mean Extraterrestria l  Rad. 6.88 8 .04 9 . 38 1 0. 5 1  1 1 . 1 1 1 1 .28 1 1 . 1 6  1 0 .70 9.75 8 . 4 1  
M onthly Mea n  Dai ly Tota l Rad. 3.81  5 .24 5 .26 7 .58 7.82 7 . 78 7 . 50 7 . 1 9  6 .89 6 .07 
Rietveld Regression Coefficient a 0.27 0 .29 0.23 0 . 3 1  0 .30 0.30 0 .28 0.28 0 . 30 0 . 3 1  
Rietveld Regression Coeffic ient b 0. 44 0 .44 0 .42 0 .45 0 .45 0 .45 0 . 44 0 .44 0 .45 0 .45 
Gopinathan's Regression Coeff ic ient a 0 . 37 0 . 39 0 .32 0 .42 0 . 4 1  0 .40 0.38 0 .39 0 .4 1 0 .42 
Gopinathan's Regression Coeffic ient b 0 . 36 0 . 33 0 .42 0 . 30 0 . 3 1  0 . 32 0.35 0 . 34 0 . 3 1  0 .29 
Correction Factor (W) 1 .09 1 .05 1 .02 1 .02 1 .07 1 .08 1 .09 1 .09 1 .08 1 .08 
Estimated Tota l Radiat ion By Various M odels 
Ritveld Model .  4.23 5 . 4 1  4 .83 7 .59 7 .80 7 . 74 7.09 6.99 6.89 6 . 1 7  
Glover & McCul loch 's Model .  4.33 5 .45 5 . 1 1  7 . 56 7.80 7.77 7 .2 1 7.08 6.88 6 . 1 3  
Gopinathan's Model .  4.00 4 .95 4 .99 6.87 7 . 2 1  7.03 6.76 6.52 6. 1 5  5 .50 
Alnaser's Model .  4 . 34 5. 1 9  5 . 07 6.97 7 . 7 1  7 . 56 7 .34 7 .09 6.66 5.93 
Page's Model ( R ietveld Constants ). 3.95 5. 1 7  4 .30 7 .40 7 . 54 7 . 44 6.68 6.64 6 .67 6.04 
Page's Model ( Gopinathan's Constants). 4.28 5.28 5. 1 4  7 . 1 6  7 . 46 7 .49 7 . 09 6 . 9 1  6 .57 5 .77 
% Difference ( M easured & Alnaser ). 1 4 .03 - 1 .05 -3.69 -8 .07 - 1 .46 -2 . 8 1  -2. 1 5  - 1 . 37 -3 .37 -2.28 
Clearness I ndex Kt ( Alnaser's M odel ) 0.63 0.64 0 . 54 0 .66 0.69 0 .67 0.66 0 .66 0.68 0.70 
Fraction Of ( Hd I H ) For A lnaser M odel 0 . 3 1  0 .32 0 .39 0 . 33 0 . 33 0 . 3 5  0 . 35 0 .34 0 . 32 0.30 
Estimated Magnitude Of Diffuse Rad. 1 .36 1 .65 1 .97 2 .33 2 . 56 2 .63 2 . 58 2 . 4 1  2 . 1 2  1 .76 
Nov Dec a nnua l  
3 1 8 .00 344.00 
- 1 8 .90 -23 .00 
9.70 9.60 9 .60 
1 0 .82 1 0 . 53 1 2 .00 
0 .90 0 . 9 1  0 .80 
8 1 . 1 3  78.98 90.02 
30.60 26.40 35.80 
53.00 57.00 45.00 
7 . 1 4  6 . 5 3  9.24 
4 .96 4 . 52 6 . 22 
0 . 32 0 . 32 0.29 
0.45 0.45 0 . 44 
0 . 42 0 .43 0 .40 
0.29 0.29 0 . 33 
1 . 1 0  1 .0 1  1 .06 
5.25 4 .87 6 .24 
5 .22 4 . 82 6.28 
4 .64 4 .28 5 . 74 
5 . 09 4 . 33 6 . 1 1 
5. 1 4  4 .78 5 .98 
4. 90 4 . 5 1  6 . 05 
2 .66 -4.29 - 1 .84 
0 .7 1 0.66 0.66 
0.28 0 .30 0 . 33 
1 .44 1 .29 2 . 0 1  
1 24 
The percentage difference between the measured and calculated monthly 
mean total radiation using Alnaser' s  model,  is relatively smal l ( 4 .9  %) for 
Bateen airport and even lower ( - 1 . 84 %) for AI Ain airport . Because of these 
small values of percentage difference between the calcul ated total radiation 
u ing AInaser' s  model and the measured monthly mean total radiation, 
AInaser' s model is  used to calculate the monthly mean total radiation based on 
the cl imatological data only for the station with mean maximum temperature, 
mean relative humidity and most important the mean measured sunshine 
duration data ( Tables 5 . 1 2 . 1 & 5 . 1 2 .2 ) . 
Table ( 5 . 1 3  ), shows the mean total radiation for the stations using 
Alnaser' s  model . AI Ain has the highest annual total radiation, that i s  because 
of the altitude of the station is higher than the rest, also the mean relative 
humidity is less beside that the sunshine percentage of maximum possible is  
high. It is noticeable that the total radiation for AI Ain for the month of March 
is the lowest, that c an be explained easily since the percentage of maximum 
sunshine possible for that month is the lowest 0 . 54 ( 54%), while  the next 
l owest value is 0.63 ( 630/0 ) and as it was mentioned before, the most 
important factor in Alnaser' s model ,  as i t  i s  the case in all  the models, i s  the 
percentage of maximum sunshine duration possible ( S/So ) . It is worth noting 
that AI-Ain data i s  only for 1 996, so the above might not be true over a long 
term period. 
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Table 5 . 1 2 . 1  Ca lculation of the total rad iation and  diffuse rad iat ion ( kWh/sq .m ) us ing Alnaser's model 
Parameter f Months Jan Feb Mar Apr may Jun Jul Aug Sep Oct 
n 1 7.0 47.0 75.0 1 05.0 1 35.0 1 62.0 1 98 .0  228.0 258.0 288.0 
Declination Deg. -20.9 - 1 3.0  -2.4 9 . 4  1 8.8 23. 1 2 1 .2 1 3.5  2.2 -9.6 
Correction Factor (W) 1 . 1  1 . 0 1 .0 1 .0 1 . 1  1 . 1  1 . 1  1 . 1  1 . 1  1 . 1  
Dubal International Airport 
Mean Sunshine (Hours) 8. 1 8 .3 8.2 9.9 1 1 .2 1 1 . 5 1 0. 5  1 0.3 1 0. 4  9 .9  
NlDaily Max. Sunshine Hr.) 1 0.6 1 1 .2 1 1 .8  1 2.6 1 3.2  1 3. 5  1 3 . 4  1 2. 9  1 2. 1  1 1 . 4 
Sunshine Percentage Of max Possible 0.8 0 7  0.7 0.8 0.8 0 .8 0 .8 0.8 0.9 0.9 
Sunset Hour Angle (deg) 79.6 83.7 88.9 94 .5 99.2 1 0 1 .6 1 00.5 96.5 9 1 . 0 85.4 
Mean Daily Max.Temperature (deg) 23.9 24.6 27.7 32.2 36.9  38 .9  40 .5  40.6 38.7 35. 1 
Mean DaHy R. Humidity Percentage 65.5 65.8 63. 1 55.3 52. 1  57.5 56.5 56. 4  59.6 60.0 
Monthly Mean Extraterrestrial rad. 6.7 7 .9 9 .3 1 0.5  1 1 . 1  1 1 . 3 1 1 . 2  1 0.7 9.7 8.3 
Est .  total radiation: Alnaser's model 4 4  4 . 9  5.5 6.5 7.5 7.5 7 . 3  7 0  6 .5  5 .6  
Clearness Index Kt (Alnaser's Model) 0.7 0.6 0.6 0.6 0.7 0.7 0.6 0.7 0 .7 0.7 
Fraction Oft Hd f H J For Alnaser Model 0.3 0 .3  0 .4  0 .4  0 .3  0 .4  0 . 4  0 . 3  0 . 3  0 . 3  
Est.  Magnitude Of Diffuse rad. 1 . 3 1 . 6  2.0 2 .3  2 .6  2 .6  2 .6  2 . 4  2 . 1  1 .7 
SharJah International Airport 
Mean Sunshine (Hours) 7 6  8.0 8.0 9 .8 1 1 .3 1 1 .6 1 0.7  1 0. 5  1 0. 3  9 . 7  
N(Daily Max. Sunshine Hr.) 1 0.6 1 1 . 2  1 1 .8  1 2.6 1 3.2  1 3.6 1 3 . 4  1 2.9  1 2 . 1  1 1 . 4 
Sunshine Percentage Of max Possible 0.7 0.7 0.7 0.8 0.9 0 .9  0 .8  0 .8  0.8 0.9 
' Sunset Hour Angle (Deg) 79.6 83 7 88.9 94 .5  99 .3  1 0 1 .6 1 00.6 96.5 9 1 .0 85.4 
Mean Daily Max.Temperature (Deg) 24 . 1  25 .2  28.5 33.8 38.7 4 1 . 0 42.2 4 1 . 9 39.8 36.0 
Mean DaHy R.Humidity Percentage 69.5 68.3 64 3 55.4 50.4 55.3 54. 8  56.9 6 1 . 1  62.7 
Monthly. Mean Extraterrestrial rad. 6 7  7 .9  9 .3 1 0.5  1 1 . 1 1 1 . 3  1 1 .2 1 0.7  9.7 8.3 
Est .  total radiation: Alnaser's model 4 . 2  4 . 8  5 . 4  6.4 7.5 7.6 7 . 3  7 . 1  6.5 5 .5 
Clearness Index Kt (Alnaser's Model) 0.6 0.6 0.6 0.6 0.7 0.7 0 .7 0.7 0.7 0.7 
Fraction Of ( Hd I H ) For Alnaser Model 0.3 0 3  0 4  0.4 0.3 0 . 3 0 . 4  0 .3  0 .3  0 .3  
Est .  Magnitude Of Diffuse rad. 1 . 3 1 .6 2 .0 2 3  2.6 2.7 2 6  2 . 4  2. 1 1 7 
Nov Dec annual 
3 1 8.0 344 .0 
- 1 8.9  -23.0 
1 . 1 1 .0 1 . 1 
9 .5 8 .2 9.7 
1 0.8  1 0.5  1 2.0  
0.9 0.8 0.8 
80.7 78.5 90.0 
30.5 26. 1 33.0 
60.8 65. 1 59.8 
7 .0  6 .4  9 .2  
4 . 9  3 . 9  6 . 0  
0.7 0.6 0.6 
0.3 0.3 0 .3 
1 . 4 1 . 2 2.0 
9. 1 7 .8 9 . 5  
1 0. 8  1 0. 5  1 2.0 
0 .8  0 .7  0 .8  
80 .7  78 .4  90.0 I 
31 0 26. 1  34.0 I 
63.6 69.0 60.9 I 
7.0 6.4 9.2 
4 . 8  3 .8  5.9 
0.7 0.6 0.6 
0 .3  0 . 3  0 . 3  
1 4 1 . 2 2 0  
\D 
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Table 5 . 1 2 .2  Cont inuation of the solar radiat ion calculat ion ( radiat ion i n  kWh/sq.  m )  
Parameter I Months Jan Feb Mar Apr may Jun Jul Aug 
Ras AI Khalmah International Airport 
Mean Sunshine (Hoursl 7 5  7.8 7 . 5 9 .5 1 1 . 0  1 0. 9  9 . 7  1 0.0 
N(Daily Max. Sunshine Hr.) 1 0.6 1 1 . 2 1 1 . 8  1 2.6 1 3. 3  1 3.6 1 3 . 4  1 2.9  
Sunshine Percentage Of max Possible 0.7 0 .7 0.6 0.8 0 .8 0.8 0.7 0.8 
Sunset Hour Angle (Deg) 79.4 83.6 88.8 94 .6 99 .4  1 0 1 . 8 1 00.7 96.6 
Mean Daily Max.Temperature (Deg) 24.7 25.8 29.2 35.0 39.6 42.3 42.7 42.0 
Mean Daily R. Humidity Percentage 69. 5  67. 5 63 .4  53. 1 46. 1 49.6 50. 5  53. 1 
Monthly Mean Extraterrestrial rad. 6.7 7 9  9 . 3  1 0. 5  1 1 . 1  1 1 . 3 1 1 .2 1 0.7 
Est .  total radiation: Alnaser's model 4.2 4 .8 5.2 6.4 7 . 4  7 . 4  7 . 1  7 . 0  
Clearness Index K t  (Alnaser's Model) 0.6 0.6 0 6  0.6 0.7 0.7 0.6 0.7 
Fraction Of ( Hd I H ) For Alnaser Model 0.3 0.3 0 4  0.4 0.3 0 .4  0 . 4  0 . 3  
Est. Magnitude Of Diffuse rad. 1 . 3  1 .6 2.0 2 3  2.6 2.7 2.6 2 . 4  
Delma Island Area 
Mean Sunshine (Hours) 6.9 7.4 8.6 9.7 1 1 . 9  1 2. 1  1 1 .6  1 1 .0 
N{Daily Max. Sunshine Hr.) 1 0.7 1 1 . 2  1 1 . 9  1 2.6 1 3.2  1 3. 5  1 3. 4  1 2.8  
Sunshine Percentage Of max Possible 0.6 0.7 0 . 7  0 8  0 .9  0 .9  0 .9  0 9  
Sunset Hour Angle (Deg) 80.0 84. 0  88.9 94.3 98.9 1 0 1 . 2 1 00.2 96.3 
Mean Daily Max. Temperature lDeg) 23.8 23.9 24.0 30.2 37 . 4  38.8 39.9 40.2 
Mean Daily R. Humidity Percentage 78.5 76 5 75.5 67.0 58.0 57.5 6 1 . 0 6 1 .0 
' Monthly Mean Extraterrestrial rad. 6 . 8  8 . 0  9 . 4  1 0. 5  1 1 . 1 1 1 . 3 1 1 .2  1 0 .7  
Est .  total radiation: Alnaser's model 4 . 1  4 7  5 5  6 3  7 . 5  7 . 7  7 . 5  7 .2  
Clearness Index Kt  (Alnaser's Model) 0 6  0.6 0.6 0.6 0 7  0.7 0 7  0 .7  
Fraction Of  ( Hd I H ) For Alnaser Model 0.3  0 .3  0 . 4  0 4  0.3 0.3 0.3 0.3 
Est.  Magnitude Of Diffuse rad. 1 . 3 1 . 6 2 0  2 3  2.6 2.6 2.6 2 .4  
AI Hamra Area 
Mean Sunshine (Hours) 7.5 8 .9  8 .9  9.3 1 0.8  1 1 . 3  1 1 . 1  1 0. 8  
N(Daily Max. Sunshine Hr.) 1 0 7 1 1  2 1 1  9 1 2.6 1 3.2 1 3. 5  1 3 3 1 2 8 
Sunshine Percentage Of max Possible 0.7 0.8 0. 8 0.7 0 .8  0 .8  0 .8 0 8  
Sunset Hour Angle (Deg) 80 2 84 1 88. 9 94.2 98.8 1 0 1 .0 1 00.0 96.2 
Mean Daily Max.Temperature (Deg) 22.9 25.8 27.7 32.5 38.9 39.8 42.0 42.3 
Mean Daily R. Humidlty Percentage 72 0 65 0 64.0 53.0 48.0 50.0 54.0 5 1 .0 
Monthly Mean Extraterrestrial rad. 6.9 8 . 1  9.4 1 0. 5  1 1 . 1 1 1 . 3 1 1 .2  1 0 7 
Est.  total radiation: Alnaser's model 4 3  5 . 1  5 6  6.3 7 3  7.5 7 .4  7 .2  
Clearness Index Kt  (Alnaser's Model) 0 6  0 6  0.6 0.6 0 .7 0 7  0 7  0 7  
Fraction or ( Hd I H ) For Alnaser Model 0 3  0 3  0 4  0 4  0.3 0 3  0 . 3  0 .3  
Est .  Magnitude Of Diffuse Rad. 1 . 4 1 .6 2 .0  2 3  2 . 5  2.6 2.6 2.4 
Sep Oct Nov Dec annual 
1 0.0 9 .7 9.3 7.6 9 .2 
1 2 . 1  1 1 . 4 1 0.7 1 0. 4  1 2.0  
0.8 0 .9  0 .9  0.7 0.8 
9 1 . 1  85 .3  80.6 78. 3 90.0 
40.2 36.8 3 1 .7 26.8 34.7 
57. 3  59.4 62.8 68.8 58. 4 
9 .7 8. 3 6.9 6.3 9 . 1  
6.4 5.5 4 .8 3.7 5.8 
0.7 0.7 0.7 0.6 0.6 
0 .3 0 .3 0.3 0.3 0.3 
2. 1 1 . 7 1 .4 1 .2 2.0 
1 0.8 1 0.2  8 .7  6 .3  9.6 
1 2. 1  1 1 .4 1 0.8  1 0. 5  1 2 .0  
0 .9  0 .9  0 .8  0 .6  0 .8  
9 1 .0 85.6 8 1 .0 78.9 90.0 
38.0 34 . 4  29. 1 2 1 . 4  30 .4  
60.0 62.5 63.0 75.0 66. 5  
9.7 8 . 4  7 . 1  6 . 5  9.2 
6.6 5 .7 4 . 8  3 . 5  5 .9 I 
0.7 0 7  0.7 0. 5 0.6 
0 .3  0.3 0 .3  0 . 4  0 .3  
2. 1 1 .7 1 . 4 1 . 3 2.0 
1 0.6 1 0. 0  9 . 2  9. 0 9 .8  
1 2 . 1  1 1 .4 1 0 8 1 0. 5  1 2 0 
0 .9  0 9  0 .8  0 .9  0 .8  
9 1 .0 85.7 8 1 .2 79. 1 90 0 
38.0 34.7 28.8 25.3 33.2 
62.0 63.0 64.0 65.0 59.0 
9.8 8 .4 7.2 6.6 9 . 3  
6.6 5.7 4 . 9  4 . 2  6 . 0  
0 . 7  0 .7 0 7  0.6 0.6 
0.3 0 .3  0.3 0 .3  0 .3  
2 1  1 8 1 . 4 1 . 3 2.0 
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Table 5 . 1 3  The mean tota l rad iat ion ( kWh/sq . m  ) for d ifferent stat ions u s i ng Alnaser's model .  
Station Name / Months Jan Feb Mar Apr May Jun  Ju l  Aug Sep Oct Nov 
Abu Dhabi Total Radiation 4. 52 5 . 07 5 . 56 6 . 48 7 . 48 7 . 52 7 . 26 7 . 04 6 . 53 5 .74 5 . 00 
Bateen Total Radiation 4 . 39 4 . 96 5 . 4 1  6 . 32 7 . 36 7 . 43 7 . 06 6 . 85 6 . 42 5 .62 4 . 9 1  
A I  Ain Total Radiation 4 . 34 5 . 1 9  5 . 07 6 .97 7 . 7 1  7 . 56 7 . 34 7 . 09 6 .66 5 .93 5 . 09 
Dubai Total Radiation 4 . 39 4 . 93 5 .45  6 . 49 7 . 46 7 .55  7 . 26 7 . 02 6 . 5 1  5 . 62 4 . 88 
Sharjah Total Radiation 4 .25  4 . 83 5 . 38 6 . 45 7 . 49 7 . 58 7 . 33 7 . 05 6 .45  5 . 54 4 . 76 
Ras AIKaimah Total Radiation 4 . 20 4 . 77 5 .25 6 . 38 7 .45  7 . 45 7 . 1 0  6 . 96 6 . 40 5 . 55 4 .79  
Delma Total Radiation 4 . 09 4 . 68 5 . 49 6 . 33 7 . 53 7 . 69 7 . 50 7 . 1 6  6 .62 5 .72 4 . 76 
AI Ham ra Total Rad iation 4 . 30 5 . 1 3  5 . 65 6 . 35 7 . 33 7 . 5 1  7 . 40 7 . 1 8  6 . 56 5 . 68 4 . 89 
UAE Total Radiation 4 . 3 1  4 . 95 5 . 4 1  6 .47 7 .47 7 . 54 7 . 28 7 . 04 6 . 52 5 .68 4 . 89 
--------
Ta ble 5 . 1 4  The mean d iffuse rad iation ( kWh/sq . m  ) for d i fferent stat ions u s i ng Alnaser's mode l .  
Stat ion Name / Months Jan Feb Mar Apr May Jun  Ju l  Aug Sep Oct Nov 
Abu Dhabi Diffuse Radiation 1 . 36 1 .64 1 . 98 2 . 32 2 . 55 2 . 63 2 . 58 2 . 4 1  2 . 1 1  1 . 75 1 . 43 
Bateen Diffuse Radiation 1 . 36 1 .64 1 . 98 2 . 32 2 . 55 2 .63 2 . 58 2 . 40 2 . 1 1  1 . 74 1 . 43 
AI A in  Diffuse Radiation 1 . 36 1 .65 1 . 97 2 . 33 2 . 56 2 .63 2 . 58 2 . 4 1  2 . 1 2  1 . 76 1 . 44 
Duba i  Diffuse Rad iation 1 . 33 1 .61  1 . 97 2 . 32 2 . 56 2 .65 2 . 59 2 . 4 1  2 . 1 0  1 . 72 1 . 40 
Sharjah Diffuse Radiation 1 . 32 1 .61  1 . 96 2 . 32 2 . 56 2 .65 2 . 60 2 . 4 1  2 . 1 0  1 . 72 1 . 40 
Ras A IKaimah Diffuse Radiation 1 . 31  1 .60 1 . 96 2 . 32 2 . 57 2 .65 2 . 60 2 . 4 1  2 . 09 1 . 7 1  1 . 39 
Delma Diffuse Radiation 1 . 35 1 .63 1 . 98 2 . 32 2 . 55 2 . 64 2 . 59 2 . 4 1  2 . 1 1  1 . 75 1 . 42 
AI Hamra Diffuse Radiation 1 . 37 1 .65 1 . 99 2 . 32 2 . 54 2 .63 2 . 58 2 . 4 1  2 . 1 2  1 .75 1 . 44 
UAE Diffuse Radiation 1 . 34 1 . 63 1 . 97 2 . 32 2 . 56 2 .64 2 . 59 2 . 4 1  2 . 1 1 1 . 74 1 . 42 -
Dec Annual  
4 . 00 6 . 02 
3 . 94 5 . 89 
4 . 33 6 . 1 1  
3 . 90 5 . 96 
3 .79 5 . 9 1  
3 . 7 3  5 . 84 
3 . 54 5 . 93 
4 . 1 5  6 . 0 1  
3 .92 5 . 96 
Dec Annual  
1 . 27 2 . 00 
1 .27 2 . 00 
1 . 29 2 . 0 1  
1 . 24 1 . 99 
1 . 24 1 . 99 
1 . 22 1 . 99 
1 .26 2 . 00 
1 .29 2 . 0 1  
1 .26 2 . 00 
1 2 8  
June is the month with the maximum total radiation for al l  the stations in 
general . That is due to high extraterrestrial radiation, low relative humidity and 
high percentage of maximum possible sunshine . December is the month with 
the minimum total radiation for al l stations, the main reason is that, the 
extraterrestrial radiation is at its minimum during this month, and the mean 
relative humidity is relatively high during December and the percentage of 
mamnUffi sunshine possible is low in general in this month . By examining 
Table ( 5 . 1 4  ), its noticed that the diffuse radiation pattern over the year is 
almost the same for all the stations .  
Solar maps have been produced for the total radiation in the United Arab 
Emirates using the results obtained by Alnaser s model ( Figures 5 . 3-5 . 1 5  ) . 
Those maps are presented for the first time for UAE . By looking at these maps, 
we notice that most parts of UAE receive total radiation in excess of 
6 .0  kWh/sq. m, also the western coastal areas have the lowest total radiation in 
all months .  The reason behind that is the relatively high relative humidity and 
the lower temperatures especially the area close to the Arabian Gulf. Inland 
areas such as AI-Ain, show high total radiation in general . 
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5.2 W i nd . 
5.2. 1 Analy i of Wind Pattern fo r elected Stations 
Th v ind peed pattern at 1 0  meter abo e the grOlmd was analyzed for 
Abu Dhabi mternationaI airport on hourly ba is for the period 1 99 1 - 1 996 
( Table 5 . 1 5  & Figure 5 . 1 6  & 5 . 1 7  ) .  The peak wind speed is  around 4 o'clock 
in the afternoon local time ( 1 200 GMT ) and that is mainly because of sea 
breeze . Also the wind hourly mean speed is at its maximum ( >  5 .0 mls ) 
between 2-6 p .m .  local time  which is  the time the energy is required the most . 
Monthly wise March is the month with the highest mean hourly wind speed 
( 4 . 3 5  mls ) that is mainly due to Shamal wind mentioned earlier. Summer 
months, on the other hand, show potential wind especially around afternoon 
tIme, with wind speed reaching 6 mis, that is mainly due to sea breeze . 
Also the hourly wind for Al-Ain, ShaIjah and Fujeirah have been analyzed 
and presented in this thesis for the year of 1 996 . Other stations were not 
included because of the l ack of their hourly data ( Figures 5 . 1 8-5 .2 1 ). Same 
thing apply for those station, but, as it is noted from the Figures, the ShaIjah 
mean hourly wind speed is less. Al-Ain has a different scenario, it actually has 
two peaks of wind speed. One is in the afternoon, the other one is in the 
morning time, this is due to the l and breeze, beside wind resulting from 
pressure gradient l ike Alkaus or E lnashi wind mentioned in the previous 
M 
-t Table 5 . 1 5  
Time/Month 
0 
1 00 
200 
300 
400 
500 
600 
700 
800 
900 
1 000 
1 1 00 
1 200 
1 300 
1 400 
1 500 
1 600 
1 700 
1 800 
1 900 
2000 
2 1 00 
2200 
2300 
Mean 
The mean hourly wind speed ( m/s ) for Abu Dhabi i nternational a irport 
for the period 1 99 1 - 1 996 
Jan Feb Mar Apr 
2.54 3.05 3.49 2 .40 
2.60 3.08 3.49 2 .43 
2 .61 3.22 3.43 2.63 
2 .55 3.03 3.29 2 .76 
2 .57 3.2 1 3.62 3. 1 8  
2 .82 3 .87 4. 1 9  3.66 
3 .51  4.48 4 .71  4 .00 
3.96 4 .76 4.95 4 .01  
4 .23 4.92 5.03 4.24 
4 43 5. 1 2  5.43 4 .76 
4 .56 5.28 5. 70 5 .54 
4 .74 5.53 5 .96 6.05 
5 .05 5.63 6.26 6 .39 
5 .01  5 .48 6.20 6. 1 5  
4 29 5.09 5 .71  5.60 
3 .55 4 . 1 8  4 .77 4 .47 
3 . 1 9  3.68 4 .04 3 .59 
3 .00 3 .43 3 .71  3 .23 
2 84 3.26 3.48 2 .88 
2 75 3 1 1  3 38 2 . 70 
2 61 3.06 3 33 2 .60 
2 66 2 .97 3 .36 2 .61  
2 51 2 90 3 . 46 2 43 
2 5 1 3 04 3 .36 2 .47 
3 38 3 98 4 35 3 78 
M ay Jun Jul 
2.36 2 . 1 3  2 .04 
2 .3 1  2 .35 2.22 
2 .50 2 .42 2 .36 
2.61 2 .62 2 .42 
3.03 3 .29 2 .92 
3 .72 3 .72 3 .57 
4 .02 3 .91  3 .72 
4 .37 4 .02 3 . 86 
4 .78 4 . 30 4 . 1 4  
5 .30 4 . 8 1  4 .70 
5.97 5 .82 5.26 
6.40 6.40 5 .84 
6.61 6 .77 6 .32 
6.35 6.65 6.45 
5.75 6. 1 6  6. 1 0  
4 .70 5.26 5 .06 
3 .58 3 .97 3 .85 
3 .02 3. 1 4  3 . 1 6  
2 .75 2.64 2 .71  
2 .49 2 . 37 2 .40 
2 .42 2 .20 2 .22 
2.43 2 . 36 2 . 1 6  
2 31 2.26 2 . 1 6  
2.38 2. 1 5  2 .07 
3 84 3.82 3.65 
Aug Sep 
2 . 36 2 .27 
2 .49 2 . 38 
2 .64 2 . 72 
2.85 2 .85 
3.60 3.57 
4 .08 3.99 
4 .06 3 .85 
3 .93 3 .70 
3 .76 3 .44 
3 . 93 3 .48 
4 . 75 4 . 1 3  
5.60 5 .32 
6.25 6.05 
6.53 6 .44 
6 .24 6 .09 
5.45 4 .97 
4 . 2 1  3 .96 
3 .42 3 .31  
2 .84 2 .80 
2 .53 2 . 47 
2 . 37 2 . 1 9  
2 . 37 2 .22 
2 .24 2 1 8 
2 .3 1  2 1 9 
3 .78 3.61 
--
Oct 
1 . 94 
2 . 1 2  
2.28 
2 .47 
2 .67 
3. 1 5  
3 . 1 6  
3 . 04 
3 .01  
3 .46 
4 .34 
5 . 37 
6 .04 
6.08 
5 . 1 9  
4 . 03 
3 .45 
2 .96 
2 .62 
2 . 39 
2 . 1 8  
2 .09 
1 .95 
2.00 
3.25 
-- -
Nov Dec Annual 
2. 1 8  2 . 36 2 . 43 
2. 1 3  2 .35 2 .50 
2. 1 5  2 . 32 2 .61  
2 . 1 7  2 .50 2 .68 
2 .29 2 .52 3.04 
2.90 2 .92 3 . 55 
3 .22 3.40 3 .84 
3 .35 3.67 3 .97 
3 .39 3 .95 4 . 1 0  
3.68 4 . 1 1  4 .43 
4 .42 4 .53 5.03 
4 .99 4 . 8 1  5 .59 
5.38 5 .03 5.98 
5.25 4 .95 5 .96 
4 .02 3 .73 5 . 33 
3 .33 3 .26 4.42 
2 .98 2 .87 3.62 
2 .76 2 .50 3. 1 4  
2 .58 2 . 39 2 .82 
2 .45 2 .24 2 .61  
2 .3 1  2 .25 2 .48 
2 .25 2 .30 2 .48 
2 . 1 4  2 .32 2 . 4 1  
2 .04 2 .29 2 .40 
3. 1 0  3. 1 5  3 .64 
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chapter ( Chapter I V  . Fujeirah wind pattern is  imi lar to  Sharjah wind pattern 
the only exception be ide the direction of the wind, is the magnitude of wind 
peed which i much Ie  the peak peed is only 3 . 6 1  mls . Also the maximum 
mean wind peed happen earl ier in time, around one 0 ' clock in the afternoon. 
Al 0 the long teon annual and monthly percentage frequencies of the 
hourly wind speed at certain speed are collected for Abu-Dhabi international 
airport and the annual one is  also presented for Bateen and Dubai airports.  For 
the rest of the stations except for Fujeirah the percentage frequencies are 
a ailable for 1 996 onl ( Tables 5 . 1 6-5 .20 ) .  Tables 5 . 1 6  & 5 . 1 7 , indicate that 
500 0 of hourly wind speed for Abu-Dhabi airport exceeded 3 . 5  mis, also it i s  
worth mentioning that the prevai l ing direction is northwesterly wind. Tables 
( 5 . 1 8  & 5 . 1 9 ) show that the above is  also true for Bateen and Dubai airports, 
that is, 50% of the wind speed exceeded 3 . 5  mls . Nevertheless, Bateen airport 
has more percentage of calm wind than Abu-Dhabi and Dubai airports .  
Table ( 5 .20 ), gives a comparison between the various weather stations 
regarding the frequencies of wirtd at certain speed. The station with the 
maximum percentage of calm wind is Ras Al-Khaimah, the least is Al-Ain 
airport. Al-Ain airport also had the highest percentage of wind speed more than 
3 . 5  mls durirtg 1 996, the least was Ras Al-Khaimah. 
o 
II, 
.- Table 5 . 1 6  Annual percentage frequencies of hourly wind speed ( m/s ) and direction 
for Abu Dhabi international  a i rport (1 982- 1 995) 
Direction (Deg) 0.5- 1 . 6 2. 1 -3. 1 3.6- 5.2 5.7-8.2 8.8- 1 0. 8  1 1 .3- 1 3.9 1 4.4- 1 7.0 
350-0 1 0  0 .8  2 . 1 2 .8 2.2 0.3 0.0 0 .0  
020-040 1 .0 2 .0 1 .8 0.6 0. 1 0 . 0  0 . 0  
050-070 1 . 4 3.2 1 . 5 0 .4 0. 1 0 . 0  0 . 0  
080- 1 00 2 . 3  5 . 0  2 .2  0 .2 0 .0  0 . 0  0 .0  
1 1 0- 1 30 2 . 2  2 . 8  1 .2 0 .3 0 .0  0 . 0  0 .0  
1 40- 1 60 1 .8 1 .6 1 . 7 1 .7 0 . 3  0 . 1 0 .0  
1 70- 1 90 1 . 9 2 . 3  1 .6 0 .9  0 . 1 0 . 0  0 . 0  
200-220 1 .9 2 .7  1 . 1  0 . 3  0 . 0  0 . 0  0 .0  
230-250 1 .4 1 .5 0 .9  0 .2 0 .0 0 .0 0 .0  
260-280 0 .8  1 . 7 1 . 5 0 .8  0. 1 0 . 0  0 .0  
290-3 1 0  0 . 7  3 .4  5 .8  5 . 1  0 .7 0 . 1  0 . 0  
320-340 1 .0 3 . 0  5 . 9  6 .7 0.6 0.0 0.0 
Tota l I 1 7 .2 I 3 1 . 3  I 28.0 I 1 9 .4 I 2.3 I 0 . 2  I 0 . 0  
Calm 
Table 5 . 1 7  Monthly percentage frequencies of Hourly wind speed ( m/s ) 
for Abu Dhabi internationa l a irport ( 1 982- 1 996) 
Month Calm 0.5- 1 .6 2 . 1 -3 . 1 3 .6-5.2 5 . 7-8.2 8 .8- 1 0 .8  1 1 .3- 1 3 .9  
Ja n 2 . 7  1 9.2  33 .9  28.2 1 4 . 3  1 .6 0 . 1 
Feb 2 1 3. 3  26 . 9  3 1 . 3 2 1 .4 4 . 3  0 . 8  
Mar  4 1 4 .9 23.2 28.2 23 5 . 3  1 . 3 
Apr 1 . 5 1 7 . 1  29 .4  27. 1 2 1 . 5  2 . 9  0 .5 
May 0 . 9  1 6 .7  30.4 26.4 22.3 3. 1 0.2 
Jun 1 .2 1 4 .8 30 28.6 22 3 0.4 
Jul  1 . 1  1 6 .2  30.2 27.8 22. 1  2 0 . 1 
Auq 0.8  1 4 .2 30.5 27.9 24.3 2 0 . 2  
Sep 0 8  1 6 .4 32.3 28.5 2 1 .3 0 . 7  0 
oct 2 . 4  1 9.2 34.2 28.5 1 5  0 . 7  0 
Nov 2 . 3  2 1 .9 36 28 .2  1 0. 9  0 6  0 1  
Dec 2 3  2 1 .2 34 3 27.4 1 3. 3  1 . 1 0 
--
> 1 7.0 Total 
0.0  8 .2  
0 . 0  5 . 5  
0 .0  6.6 
0.0 9 .7 
0 .0  6 . 5  
0 .0 7.2 
0.0 6.8 
0.0 6.0 
0.0 4.0 
0 .0  4 . 9  
0 .0  1 5. 8  
0 .0  1 7 . 2  
I 0 . 0  I I  98.4 
II 1 .6 
1 4 .4- 1 7 . 0  > 1 7 . 0  
0 0 
0 0 
0 . 1  0 
0 0 
0 0 
0 0 
0 0 
0 . 1 0 
0 0 
0 0 
0 0 
0 0 
V) 
Table 5 . 1 8  Percentage freq uencies of hourly wind speed ( m/s ) a nd d i rection 
Direction (deg) 
350-0 1 0 
020-040 
050-070 
080- 1 00 
1 1 0- 1 30 
1 40- 1 60 
1 70- 1 90 
200-220 
230-250 
260-280 
290-3 1 0  
320-340 
Tota l 
CAL M S  
for Abu D h a b i  Bateen a i rport 1 97 1 - 1 995 
0. 5- 1 . 6 2. 1 - 3 . 1 3 . 6 - 5 . 2  5 . 7-8.2 
1 . 0 2 . 8  4 . 2  2 . 8  
0 . 7  1 . 9 2 . 2  1 . 0 
0 . 7  1 . 5 1 . 5 0 .6  
0 .8  1 . 5 1 . 1 0 .2  
1 . 0 1 .6 1 . 1 0 . 3  
1 . 2 1 . 8 1 . 5 1 . 2 
1 .4 2 . 2  1 . 2 0 .6  
1 . 0 2 . 2  1 . 3 0 . 1 
1 . 1 2 . 3  1 .4 0 .2  
1 . 2 2 1 . 9 1 . 0 
0 .9  2 .2  3 .9  4 .4 
0 .9  2 . 6  6 .3  8 .0  
I I  1 1 . 9 I 24 .6 I 27 .6  I 20 .4 I 
8.8- 1 0. 8  1 1 . 3- 1 3 . 9  
0 . 3  0 .0  
0 . 1 0 . 0  
0 . 1 0 . 0  
0 . 0  0 .0  
0 .0  0 . 0  
0 . 3  0 . 1 
0 . 1 0 .0  
0 .0  0 .0  
0 . 0  0 . 0  
0 . 2  0 . 0  
1 . 1 0 . 3  
1 . 2 0 . 2  
3 . 4  I 0 .6  
1 4 . 4 - 1 7 .0 
0 .0  
0 .0  
0 .0  
0 .0  
0 .0  
0 .0  
0 . 0  
0 . 0  
0 . 0  
0 . 0  
0 .0  
0 .0  
I 0 .0  
> 1 7 .0 Total 
0 .0  1 1 . 1 
0 .0  5 .9  
0 .0  4 .4 
0 . 0  3 . 6  
0 .0  4 . 0  
0 . 0  6 . 1  
0 . 0  5 . 5  
0 .0  4 . 6  
0 .0  5 .0  
0 .0  6 . 3  
0 . 0  1 2 .8  
0 .0  1 9 . 2  
I 0 .0  I 88.5  
1 1 . 5 
N 
Vl 
Table 5. 1 9  Percentage freq uencies of hourly wind s peed ( m/s ) and D i rection 
for D u ba i  a i rport 1 984- 1 996 
Direct ion (deg) 0 .5 - l . 6 2 . 1 -3 . 1  3 .6-5 .2 5 .7 -8 .2  8 . 8- 1 0 . 8  1 l . 3 - 1 3 .9 > 1 4 .0 
020-040 1 . 6 1 . 3 0 .9  0 . 3  0 .0  0 .0  0 .0  
050-070 2 . 5  2 . 8  l . 2 0 . 3  0 .0  0 .0  0 .0  
080- 1 00 3 .0 2 .9  l .2 0 .9  0 . 1 0 .0  0 .0  
1 1 0- 1 30 2 . 7  2 . 1 0 .9 0 .4  0 .0  0 .0  0 .0 
1 40- 1 60 2 . 7  3 .0 1 .6 0 .4  0 .0  0 .0  0 .0  
1 70- 1 90 3 .6 6 . 1 4 . 6  0 . 8  0 . 1 0 .0  0 .0 
200-220 l . 7 2 . 7  1 .9 0 . 5  0 . 0  0 . 0  0 .0  
230-250 0 .7  l . 7 2 . 1 l .2 0 . 1 0 .0  0 .0  
260-280 0.4 l . 2 4 . 7  4 . 8  0 . 7  0 . 1 0 .0  
290-3 1 0  0 .6  l .6 4 . 7  3 .9 0 . 3  0 . 1 0 .0  
320-340 0 .8  1 .6 3 . 1  2 .9  0 . 1 0 .0  0 .0  
3 50-0 I 0 1 . 1 1 . 5 1 . 5 1 . 5 0 . 1 0 .0  0 .0  
TOTAL 2 l . 6 28 . 5  28 .4  1 7 .9  l . 7 0 .2  0 .0  
CALM 
TOTAL 
4 . 2  
6 . 8  
8 .0  
6 . 1 
7 . 6  
1 5 . 2  
6 . 9  
5 . 8  
1 1 . 8  
1 1 . 3 
8 . 5  
5 . 8  
98 .2  
1 . 8 
M 
0/") 
Table 5 . 20 Percentage freq uencies of hourly wind speed ( mls ) for d iffi rent station i n  1 996 
Airport I Wind speed CALM 0 .5- 1 . 6 2 . 1 - 3 . 1 3 . 6-5 .2  5 . 7- 8 . 2  8 .8- 1 0 .8  1 1 .3- 1 3 . 9  1 4 .4- 1 7 .0 > 1 7 .0 
Abu Dhabi  Inter. 2. 1 0  1 9. 90 30. 1 0  27 .30 1 8. 50 1 . 80 0 . 40 0. 00 0.00 
AI Ain International  0 .40 1 0. 80 31 . 30 34 . 30 1 9.20 3.00 0 .90 0 . 1 0  0 . 00 
Abu Dhabi Bateen 6.40 1 8. 20 30.00 29. 1 0  1 4. 50 1 .60 0. 20 0 . 00 0. 00 
Dubai 1 .40 22 .60 28 .30 27 .30 1 8.40 1 . 80 0.20 0. 00 0 . 00 
Sharjah 1 . 30 25.90 39. 40 24 .70 8 . 50 0 . 40 0. 00 0 . 00 0 . 00 
Ras AI Khaimah 1 9.70 32 . 80 22 .80 1 8.90 5 . 50 0 .20 0 . 00 0 . 00 0 .00 -
5.2.2 The Effect of ltitude:  
I f  we were to de cribe the United Arab Emirates terrain .  Most of UAE, 
mainl the Emirate of Abu-Dhabi and orne parts of other Emirates especially 
the part lying along the western coast wi l l  be described as smooth to 
moderatel rough. Fev exception do exist, which are the cities . Cities have 
terrain rough to ery rough . The eastern part of the country with exception of 
the narrow eastern coast wi l l  be described as very rough terrain due to the 
mountains .  with that in m ind and using Table ( 2 . 2  ) Abu-Dhabi station can be 
gi en values of n equal to 0 . 1 5 , since the airport i s  located in an open area 
covered with sand with few shrubform vegetation and short grass, Fujeirah air­
port i s  located in mountainous area, that i s  why the value of n = 0.34 is 
appropriate for it .  For Bateen airport since it is located almost in the heart of 
Abu-Dhabi c ity, it wil l  be given n value of 0 .3 . For Dubai the n = 0.27 is 
considered since it have a terrain between suburb and urban type. Sharjah, Ras 
AI-Khaimah and AI-Ain airports have n value equal to 0 .22 . Because it is a 
hard task to decide if  it is  a rural or suburb area since those areas are changing 
on yearly basis with fast developing country l ike United Arab Emirates .  
A summary of the above i s  given in the Table ( 5 . 2 1 ) . 
Table 5 . 2 1 The n value of the meteorological stations 
Station name n value 
Abu-Dhabi international airport 0 . 1 5  
AI-Ain international airport 0 .22 
Abu-Dhabi Bateen airport 0 .30  
Dubai international airport 0 .27 
Sharjah international airport 0 . 22 
Ras AI-Khaimah international airport 0 .22 
Fujeirah international airport 0 . 34 
I 
! 
B u mg the annual wind speed a erage given in the tables of long term 
climate for Abu Dhabi, Dubai, Sharjah, Bateen and Ras al Khaimah beside the 
a ailable data about AI-Ain and Fujeirah airport, we can estimate the wind 
peed at 50 meter ( the given wind speed at 1 0  meters above the ground) . 
Table ( 5 .22 ) how the wind speed at height of 50 meters for different 
month and for the annual mean wind speed. When compared to the wind 
speed at 1 0  meter , wind speed at 50 meters altitude is relatively higher . 
Actually for some stations such as Fujeirah, the wind is almost twice as much 
as it is at 1 0  meters. Other stations are also giving higher values for wind speed 
when equation ( 1 6  ) is used. 
5.2.3 Maximum Theoretica l  Wind Power: 
By using equation ( 1 7 )  for the maximum theoretical power available in 
the wind that can be extracted by wind turbine and density is taken as the 
standard density ( p= 1 . 225 kg/m3 ), and wind speed in mJs with the area in m2. 
The wind turbine rotor diameter is suggested to have values of 3 ,  4, 5 and 1 0  
meters for comparison. 
Tables ( 5 . 23-5 .29 ) show the maxunum theoretical power that can be 
extracted from the wind at height of 1 0  and 50 meters with rotor diameters 
3 ,4,5 and 1 0  meters ( horizontal turbine ). 
r­
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Table 5.22 The wind speed ( mls ) at  50 meters above the surface compared to the wind at 1 0  meters . 
Station Name I Months '1[ Jan Feb Mar Apr May Jun Jul  Aug Sep Oct Nov Dec Annual 
Abu Dhabi International Airport: 
Wind At 10 Meters 
n Value 
Wind At 60 Meters 
Abu Dhabi Bateen Airport: 
Wind At 10 Meters 
n Value 
Wind At 60 Meters 
AI Ain International Airport: 
Wind At 10 Meters 
n Value 
Wind At 60 Meters 
Dubai International Airport: 
Wind At 10 Meters 
n Value 
Wind At 60 Meters 
Sharjah International Airport: 
Wind At 10 Meters 
n Value 
Wind At 60 Meters 
Ras AI Khalmah International Airport: 
Wind At 10 Meters 
n Value 
Wind At 60 Meters 
Fujairah International Airport: 
: Wind At 10 Meters 
n Value 
. Wmd At 60 Meters 
3 40 4 . 1 2  
0. 1 5  0 1 5 
4 33 5 24 
3 66 4 .27 
0 30 0 30 
5 93 6.93 
4 02 4 33 
0 22 0 .22 
5 72 6 1 6 
3 1 4 3 .71  
0 27 0.27 
4 85 5.73 
3 1 9 3 45 
0 22 0 22 
4 55 4 92 
2 1 6 2 37 
0 22 0 22 
3 08 3 38 
3 09 3 61 
0 34 0 34 
5 34 6 23 
4 1 7 3 86 3.86 4 02 3 86 
0. 1 5  0 1 5 0. 1 5  0. 1 5  0 1 5 
5 .31 4 92 4 92 5. 1 1  4 .92 
4 53 3 91 3 .91 4 02 3 .81  
0 .30 0 .30 0.30 0.30 0 .30 
7.34 6 34 6.34 6 .51  6 1 8 
5 36 4 07 4 33 4 1 7 4 .27 
0 22 0.22 0 22 0.22 0.22 
7 63 5 80 6. 1 6  5 .94 6.09 
3 .71  3 61 3 76 3 86 3.61 
0 .27 0 27 0.27 0.27 0.27 
5.73 5 .57 5 .81 5 .96 5.57 
3 45 3 55 3.66 3 66 3.50 
0 22 0 22 0 22 0 22 0 22 
4 92 5 06 5 2 1 5 21 4 99 
2 .58 2.58 2.73 2.88 2.83 
0 22 0 22 0 22 0 22 0 22 
3 67 3 67 3 89 4 1 1  4 .04 
3 09 3 61 3 61 3 09 2 58 
0 34 0 34 0 34 0 34 0 34 
5 34 6 23 6 23 �3�,-4 45 
3 97 3 .71  3 40 3. 1 9  3. 1 9  3 . 7 1  
0 1 5 0. 1 5  0 1 5 0. 1 5  0. 1 5  0. 1 5  
5 .05 4 . 72 4 .33 4 .06 4 .06 4 . 72 
3 .86 3.55 3. 1 9  3 .09 3 .35 3.76 
0. 30 0 .30 0.30 0 .30 0.30 0 . 30 
6 26 5 .76 5. 1 7  5 .01  5.43 6 . 09 
4 33 3 .81  3 97 3 61 3 04 4 . 1 2  
0 22 0 22 0 .22 0.22 0 22 0 . 22 
6. 1 6  5 43 5.65 5. 1 4  4 .33 5 . 87 
3 6 1 3 40 3 .04 2 88 3 09 3 . 4 5  
0.27 0.27 0.27 0.27 0.27 0 . 2 7  
5 57 5 25 4 69 4 . 45 4 .77 5 . 3 3  
3 .40  3 09 2 83 2.94 2.88 3 . 30 
0 22 0 22 0 .22 0.22 0.22 0.22 
4 84 4 .40 4 04 4 1 8 4 1 1  4 . 70 
2 78 2 27 1 96 1 9 1  2 01 2 . 42 
0 22 0 22 0 22 0 22 0 .22 0 . 2 2  
3 96 3 23 2 79 2.72 2 .86 3 . 4 5  
2.58 2 06 2 06 2 58 2 58 3 . 09 
0 34 0 34 0 34 0 34 0. 34 0 . 34 
4 45 3 56 3 56 4 45 4 45 5 . 34 
00 
In 
Ta ble 5 . 23 The maxi m u m  theriotical wind power for Abu Dhabi  i nternational  a i rport :  
Months Jan Feb Mar Apr May Jun Ju l  Aug Sep Oct 
Wind At 10 Meters 3.4 4 . 1 4 .2  3 . 9  3 .9  4 .0  3 . 9  4 .0  3 .7  3 . 4  
Wind At 50 Meters 4 . 3  5.2 5.3 4 .9 4 .9  5 . 1 4 . 9  5 . 0  4 . 7  4 . 3  
Max. P (  W ) ,  D=3m, H=1 0m 1 00.8 1 79.5 1 86.4 1 47.9 1 47 . 9  1 66.4 1 47.9 1 60 . 1 1 30.9 1 00.8 
Max. P( W ) ,  D=3m,  H=50m 208.0 370.4 384 . 5  305. 2  305.2 343 . 3  305.2 330 . 3  270. 1 208.0 
Max. P( W ), D=4m, H=1 0m 1 79.2 3 1 9.2 331 . 3  263 . 0  263.0 295.9 263. 0  284 .6  232.7 1 79.2 
Max. P(  W ), D=4m, H=50m 369. 8  658.6 683.6 542 . 6  542.6 6 1 0 . 4  542 . 6  587 .2  480. 1 369. 8  
Max. P (  W ) , D=5m, H=1 0m 280. 1 498 . 7  5 1 7 . 7  4 1 1 . 0 4 1 1 . 0 462. 3  4 1 1 . 0 444 . 7  363.6 280. 1 
Max. P( W ), D=5m, H=50m 577.8  1 029.0 1 068. 1 847.9 847. 9  953 .7  847. 9  9 1 7 . 5  750 . 1 577 . 8  
Max. P( W ) ,  D=1 0m, H=1 0m 1 1 20 .2  1 995.0 2070 . 7  1 643.8 1 643.8 1 849. 1 1 643 .8  1 778.9 1 454 .4  1 1 20 .2  
Max. P(  W ), D=1 0m, H=50m 231 1 . 2 4 1 1 6.0  4272. 3  3391 . 5  3391 . 5  38 1 5 .0 339 1 . 5  3670. 1 3000.6 231 1 . 2 
----------
Max : Max i m u m  
P : Power ( Watts ) 
D : D iameter ( meters ) 
H : He ight at which the wind speed is  taken ( meters ) 
Nov Dec Annual 
3.2 3 .2  3 . 7  
4. 1 4 . 1 4 . 7  
83.6 83.6 1 30 .9  
1 72 . 4  1 72 . 4  270. 1 
1 48.6 1 48.6 232 . 7  
306 .6  306.6 480. 1 
232 .2  232 .2  363.6 
479.0  479. 0  750. 1 
928 . 6  928 . 6  1 454 . 4  
1 9 1 5.9  1 9 1 5 .9 �_OO_� 
� Table 5 . 26 The maxi m u m  theriotical wind power for Dubai  international  a i rport :  
Months Jan Feb Mar Apr May Jun Ju l  Aug Sep 
Wind At 1 0  Meters 3 . 1  3 .7 3 .7  3 .6 3.8 3 .9  3 .6 3 .6 3 .4  
Wind At 50 Meters 4.9 5.7 5.7 5 .6 5.8 6 .0 5 .6 5 .6 5 .2 
Max. P( W ) ,  D-3m, H- 1 0m 79.6 1 30.9 1 30.9 1 20.3 1 36.4 1 47.9 1 20.3 1 20 .3 1 00 .8 
Max.  P( W ), D=3m,  H=50m 293 . 1  482.0 482.0 443.0 502.4 544 .8 443.0 443.0 371 . 3  
Max. P (  W ) , D-4m, H=1 0m 1 4 1 .5 232 .7 232.7 2 1 3 .8 242 .5  263.0 2 1 3 .8  21 3 .8 1 79.2 
Max. P( W ) ,  D=4m, H=50m 521 . 1  857.0 857.0 787 .5  893.2 968.6 787.5 787 .5  660 . 1  
Max . P (  W ) , D-5m, H=1 0m 221 . 1  363.6 363.6 334 . 1  378.9 4 1 1 .0 334 . 1  334 . 1  280 . 1  
Max. P (  W ) ,  D=5m, H=50m 81 4 .3  1 339.0 1 339.0 1 230.5 1 395.6 1 51 3 .4  1 230.5 1 230.5 1 03 1 .4 
Max. P( W ) , D=1 0m, H=1 0m 884 .4  1 454 .4 1 454 .4 1 336 .5 1 51 5 .8  1 643.8 1 336.5 1 336.5 1 1 20.2 
Max. P( W ), D=1 0m, H=50m 3257. 1  5355.9 5355.9 4921 .9 5582.2 6053.7 492 1 .9 4921 .9  4 1 25 .4 
Table 5 . 27 The max i m u m  theriotica l wind power for AI-Ain  i nternational  a i rport :  
Months Jan Feb Mar Apr May Jun Ju l  Aug Sep 
Wind At 10 Meters 4.0 4 .3  5 .4 4 . 1  4 . 3  4 .2 4 .3  4 .3  3 .8  
Wind At 50 Meters 5.7 6.2 7 .6 5 .8 6 .2 5 .9 6 . 1  6 . 2  5 . 4  
Max. P (  W ) , D-3m, H=1 0m 1 66 .4  207.9 394 .5 1 72 .9 207 .9  1 86 . 4  200 .5  207 .9 1 42 . 1  
Max. P (  W ) , D-3m, H=50m 481 .4 601 . 3  1 1 4 1 . 1  500 .2 601 . 3  539 . 1  580 . 1  601 . 3  4 1 1 . 1 
Max. P( W ) , D-4m, H=1 0m 295.9 369.5 70 1 .3 307 .4 369.5 331 . 3  356 .5  369.5  252.6 
Max. P( W ) , D=4m , H=50m 855.8 1 068.9 2028 .7 889.2 1 068.9 958 4 1 03 1 .2 1 068.9 730.8 
Max. P( W ) , D-5m, H - 1 0m 462 3 577.4 1 095.8 480 .3  577 .4 5 1 7 .7 557.0 577 .4 394 .7 
Max. P( W ), D-5m, H-50m 1 337 .3 1 670.2 3 1 69.8 1 389.4 1 670.2 1 497.6 1 6 1 1 .3 1 670.2 1 1 4 1 .9 
Max. P( W ) , D- 1 0m ,  H=1 0m 1 849 . 1  2309.5 4383.0 1 92 1 . 1  2309.5 2070.7 2228.0 2309.5 1 578.9 
Max. P( W ) , D-1 0m, H-50m 5349.0 6680.8  1 2679.2 5557 .4 6680.8 5990.3  6445. 1 6680.8 4567.6 
Max : Maximum 
P . Power ( Watts ) 
D . Diameter ( meters ) 
H Height at which the wi nd speed is taken ( meters ) 
Oct Nov Dec Annual 
3.0 2 .9 3 . 1  3 .5  
4 .7  4 .5  4 .8  5 .3  
72.0 6 1 .6 75.7 1 05 .5  
265 .2 226.8 279.0 388 .4 
1 28.0 1 09 .5  1 34 .7  1 87 .5  
471 . 5  403.2 495.9 690.5  
200 . 1  1 71 . 1  2 1 0 .4 293 .0 
736.8 630.0 774 .9  1 079.0 
800 .3  684.3  84 1 .6 1 1 7 1 .9 
2947 . 1  2520.0 3099.5  431 5 .8  . 
Oct Nov Dec Annual  
4.0 3 .6 3 .0 4 . 1  
5 .7 5. 1 4 . 3  5 .9  
1 60 . 1  1 20 .3 72 .0 1 79.5 
463. 1 348.0 208.3  5 1 9.4 
284.6 21 3 .8 1 28 .0  3 1 9.2 
823.4 6 1 8 .6 370.4 923 .4  
444 .7  334 . 1  200 . 1  498.7 
1 286 .5 966.6 578. 7  1 442.8 
1 778.9 1 336.5  800.3  1 995.0 
5 1 45.9 3866.2 23 1 5 .0  577 1 .2 
o 
\0 Ta ble 5 . 24 The maxi mum theriotical wind power for Abu Dhabi  Bateen a i rport :  
Months Jan Feb Mar Apr May Jun Ju l  Aug Sep 
Wind At 1 0  Meters 3.7 4 . 3  4 .5  3 .9  3 .9  4.0 3.8 3 .9  3 .6 
Wind At 50 Meters 5.9 6 .9  7 .3  6 .3  6 .3  6 .5  6 .2  6 .3  5 .8 
Max. P( W ) , D=3m, H=1 0m 1 25 .5 200.5 239.0 1 53 .9  1 53 .9 1 66.4 1 42 . 1  1 47 .9 1 1 5.2 
Max. P( W ) , D=3m, H=50m 534 . 3  853.5 1 0 1 7 .3  655.3 655.3 708 .4  604 .9  629.8 490.4 
Max. P( W ), D=4m , H=1 0m 223. 1  356 .5  424.9  273.7  273.7 295.9 252.6 263.0  204 .8 
Max. P( W ) , D=4m, H=50m 949.8 1 51 7.4 1 808.5 1 1 64 .9 1 1 64 .9  1 259.4 1 075.4 1 1 1 9 .6 87 1 .8 
Max. P( W ), D=5m, H=1 0m 348.6 557.0 663.8 427.6 427.6 462 .3  394 .7 4 1 1 .0 320.0 
Max .  P( W ), D=5m, H-50m 1 484. 1  2370.9 2825.7  1 820.2 1 820.2 1 967.7 1 680.3 1 749.3 1 362.2 
Max. P( W ) , D=1 0m, H=1 0m 1 394 .6 2228.0 2655.3 1 7 1 0 .5  1 7 1 0 . 5  1 849 . 1  1 578.9 1 643.8 1 280.0 
Max. P( W ) , D=1 0m, H-50m 5936.4 9483 .7 1 1 303.0 7280 .9 7280.9 7871 .0 672 1 . 1  6997.3  5448.7 
Table 5 . 25 The maxi m u m  theriotica l wind power for Sharjah i nternational  a i rport :  
Months Jan Feb Mar Apr May Jun Ju l  Aug Sep 
Wind At 1 0  Meters 3.2 3 .5 3 .5  3 .6 3 .7  3 .7  3 .5  3 .4  3 . 1  
Wind At 5 0  Meters 4 .5  4 .9  4 .9  5 . 1  5.2 5 .2 5.0 4 .8 4 . 4  
Max. P (  W ) , D-3m, H=1 0m 83.6 1 05 .5 1 05.5 1 1 5 .2  1 25 .5  1 25 .5  1 1 0 .3  1 00.8 75.7 
Max. P( W ) , D=3m, H=50m 241 .8  305 . 1  305 . 1  333 .3  363 . 1  363 . 1  3 1 9.0 291 .7 2 1 9 . 1  
Max. P (  W ) , D=4m, H = 1 0m 1 48.6 1 87.5 1 87 .5  204 .8  223 . 1  223 . 1  1 96.0 1 79.2 1 34 .7  
Max.  P( W ) , D=4m, H=50m 429.8 542 .4 542 .4  592 .5  645 .5 645 .5  567 . 1  5 1 8 .5  389.6 
Max. P( W ) , D=5m, H=1 0m 232.2 293 .0 293.0 320.0 348.6 348.6 306 .3  280. 1 2 1 0 .4  
Max.  P( W ), D=5m, H=50m 671 .6 847.5 847 .5 925.7  1 008.6 1 008 .6 886 . 1  8 1 0. 1 608 .7 
Max. P( W ) , D=1 0m, H=10m 928.6 1 1 7 1 .9  1 1 7 1 .9  1 280 .0 1 394.6 1 394.6 1 225.2 1 1 20.2 84 1 .6 
Max. P( W ) , D=1 0m, H=50m 2686 .4 3390 . 1  3390 . 1  3702 .9 4034 .3 4034 . 3  3544.2 3240.6 2434.7 
�-
Max : MaXimum 
P : Power ( Watts ) 
D : Diameter ( meters ) 
H : Height at which the wind speed is taken ( meters ) 
Oct Nov Dec Annual  
3.2 3 . 1  3 . 3  3 . 8  
5 .2 5 .0 5 .4  6 . 1  
83.6 75.7 96 . 3  1 36 . 4  
355.8 322 .4  409.9 580.7  
1 48.6 1 34 .7  1 7 1 .2  242.5 
632 .5 573.2 728 .8  1 032.4 
232.2 21 0.4 267 .5  378.9 
988 .2 895.7 1 1 38.7 1 6 1 3. 1  , 
928.6 84 1 .6 1 070. 1 1 51 5 .8  
3952.9 3582.6 4555.0 6452 .3  
Oct Nov Dec Annual  
2.8 2 .9 2 .9 3 .3  
4 .0  4 .2 4 . 1  4 .7  
58.3 64 .9 6 1 .6 9 1 .9  
1 68 .8  1 87.9 1 78 .2  265 .9  
1 03 .7 1 1 5 .5  1 09 .5  1 63 .4  
300 . 1  334.0 3 1 6 .7  472.8 
1 62 . 1  1 80 .4  1 7 1 . 1  255 .4  
468.8 521 .9 494.9 738.7 
648.3 72 1 .6 684 .3  1 02 1 . 4  
1 875.3 2087.5 1 979.5 2954 .8 
\0 ...... 
Ta ble 5 . 2 8  T h e  maxi mum theriot ica l  w i n d  power for Fuj a i ra h  i nternational  a i rport: 
Months Jan Feb Mar Apr May Jun Ju l  Aug Sep Oct Nov Dec Annua l  
Wind At  10  Meters 3 . 1  3.6 3. 1 3 .6 3 .6  3 . 1  2 .6 2 .6 2 . 1  2 . 1  2 .6  2 .6 3 . 1 
Wind At 50 Meters 5.3 6.2 5 .3 6 .2 6 .2 5 .3 4 .5 4 .5 3 .6 3 .6 4 .5  4 .5  5 .3  
Max. P (  W ), D=3m, H=1 0m 75 . 7  1 20 .3  75 .7  1 20 .3  1 20.3 75. 7 43 .8  43 .8  22 .4 22.4 43.8 43.8 75.7 
Max. P( W ) , D=3m, H=50m 391 . 1  62 1 . 1  391 . 1  621 . 1  621 . 1  391 . 1  226 .3  226. 3  1 1 5.9 1 1 5 .9 226 . 3  226. 3  391 . 1  
Max. P( W ) , D=4m, H=1 0m 1 34.7 21 3 .8 1 34 .7 2 1 3 .8  2 1 3 .8 1 34 .7  77 .9  77.9 39.9 39.9 77 .9 77 .9  1 34 . 7  
Max. P (  W ) , D=4m, H=50m 695. 3  1 1 04 .2  695.3 1 1 04 .2  1 1 04.2 695.3 402 .4 402.4 206.0 206.0 402 .4 402.4 695 . 3  
Max. P (  W ), D=5m, H=1 0m 21 0.4 334 . 1  2 1 0.4 334. 1 334 . 1  2 1 0 .4 1 21 .8 1 2 1 .8 62.3 62.3 1 2 1 .8 1 2 1 .8 2 1 0 .4 
Max. P( W ), D=5m, H=50m 1 086.5 1 725.3 1 086.5 1 725.3 1 725.3 1 086 .5 628 .7  628 .7 321 .9 32 1 .9 628 .7  628.7 1 086 .5  
Max. P( W ) , D=1 0m, H=1 0m 84 1 .6 1 336.5 84 1 .6 1 336 .5 1 336.5 84 1 .6 487 . 1  487 . 1  249 .4 249 .4  487 . 1 487 . 1  84 1 .6 
Max. P( W ), D-1 0m, H=50m 4345.9 6901 . 1  4345.9 6901 . 1  690 1 . 1  4345.9 25 1 5.0  25 1 5 .0 1 287 .7  1 287 .7 251 5.0 251 5 .0 4345 .9 
Table 5 . 29 The maxi m u m  theriotical wind power for Ras AI-Kha i m a h  i nternational  a i rport: 
Months Jan Feb Mar Apr May Jun  Ju l  Aug Sep Oct Nov Dec Annual 
Wind At 10 Meters 2.2 2 .4 2 .6 2.6 2.7 2.9 2 .8  2 .8  2 .3  2 .0 1 .9 2 .0 2 .4 
Wind At 50 Meters 3 . 1  3 . 4  3 .7  3 .7  3 .9 4 . 1  4 .0  4 .0 3 .2  2 .8  2 .7  2 .9  3 .4  
Max. P (  W ) , D-3m,  H=1 0m 26.0 34. 1  43 .8  43.8 52.2 6 1 .6  58 . 3  55.2 29.9 1 9.2 1 7 . 8  20.8 36.4  
Max. P (  W ) , D=3m,  H=50m 75.2 98.7 1 26.8 1 26 .8  1 51 .0 1 78 .2  1 68 .8  1 59 .7  86.4 55 .7 5 1 .4  60.2 1 05 .3  
Max. P (  W ) , D-4m , H=1 0m 46.2 60.7 77.9 77.9 92 .8 1 09 .5  1 03 . 7  98.2 53 . 1  34 .2  3 1 .6 37 .0 64 .7  
Max. P (  W ) , D-4m, H=50m 1 33.6 1 75 .5 225.4 225 .4  268 .5  3 1 6 .7  300 . 1  284 .0 1 53 .6  99 .0  9 1 .4  1 07.0 1 87.2 
Max. P( W ), D-5m, H=1 0m 72.2 94 .8 1 2 1 .8 1 2 1 .8 1 45.0 1 7 1 . 1  1 62 . 1  1 53 . 4  83 .0 53 .5 49 .3  57 .8 1 01 . 1  
Max. P (  W ) , D=5m, H=50m 208.8 274 .3  352.2 352 .2 4 1 9 .5  494 .9  468 .8  443.7 240.0 1 54.6 1 42 .7  1 67 .2  292.6 
Max. P( W ) , D=1 0m, H=1 0m 288.7 379.3 487 . 1  487 . 1  580. 1 684 .3  648 .3  6 1 3 .6  33 1 .9 21 3 .8  1 97 .4  231 . 1  404.5  
Max.  P (  W ), D=1 0m, H-50m 835 . 1  1 097 .2 1 409.0 1 409.0 1 678. 1 1 979.5 1 875 .3 1 774.9 960.2 6 1 8 .5  570.9 668.6 1 1 70.3 
Max : Maximum 
P : Power ( Watts ) 
D : Diameter ( meters ) 
H : Height at which the wind speed is taken ( meters ) 
1 62 
These calculation are canied out for Abu Dhabi , Dubai AI-Ain, Bateen, 
Ras AI-Khaimah, Sharjah and Fujeirah airports. It is clear how much a smal l  
change in wind speed wil l  effect the power . For e ample, considering the 
month of Apri l ( Table 5 . 23 ) when the wind speed increased by 1 mls 
( 3 .9 to 4 . 9  mI ) , the power increased almost by two ( 1 47 .9 W to 305 .2 W ) . 
When the diameter of wind turbine changed, the difference was significant but 
I e  than the effect of  wind speed. AI-Ain airport is  the station with the highest 
annual maximum theoretical wind power at 1 0  meters, and Bateen airport at 
50 meters ( the wind speed at this level is estimated ) because they got the 
highest wind speed at 1 0  and 50 meters respectively . Ras AI-Khaimah airport 
i the station with the lowest annual maximum theoretical wind power at 1 0  
and 50 meters because it got the lowest mean wind speed at both heights. 
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6.1  ola r  Radiation.  
CHAPTER S IX 
164 
Because the solar radiation data are not available for most parts of United 
Arab Emirates the estimation process is the most suitable method to obtain a 
complete description of the monthly mean daily global ( total ) radiation on a 
horizontal surface over United Arab Emirates .  In this research the monthly 
mean daily total radiation was estimated using different models and formulas . 
Those models were Rietveld's, Glover and McCulloch's, Gopinathan's and 
Alnaser's model .  In addition, another important model used was the Page 's  
model with its regression coefficients calculated by using Rietveld's and 
Gopinathan's equations. 
When the estimated total radiation was calculated and compared to the 
measured total radiation for Abu-Dhabi, the percentage difference showed that 
Alnaser's model is the best in estimating the total radiation ( 1 . 1 3  % difference 
over all ) and that Gopinathan's models is  not a bad model ( 3 .02 % difference 
over all ) . Alnaser' s model was also applied to the Bateen airport data and 
AI-Ain air port data and the percentage difference was ( 4 .9  % ) for Bateen 
airport and (- 1 . 84 0/0 ) for AI-Ain airport and these are low percentages . 
When the calculated diffuse radiation using the total radiation estimated 
b Alnaser's mod I wa compared with the measured diffuse radiation at 
Abu-Dhabi tation the percentage difference was relatively high as an over al l 
( 1 1 . 73 0 0 ) 
Because of the low percentage difference resulting from the usage of 
Alna er's model for calculating the total radiation, this model was used to 
calculate the total radiation and the diffuse radiation of the other stations 
having the required meteorological data. A solar map is produced using the 
results of Alnaser' s  mode l .  This is the first solar map for the United Arab 
Emirates using a theoretical calculations . 
The results show that Al-Ain station has a maximum incident daily 
insulation on a horizontal surface and that is due to the altitude of Al-Ain area 
coupled with relatively high percentage of maximum sunshine hours. Also the 
result shows that the maximum insulation is received in June and the minimum 
during December. 
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6.2 Wind Power. 
Regarding th wind an attempt wa made to provide as much details as 
p ible about the wind scheme in order to have a better idea about the wind 
pattern in the United Arab Emirate . Tables presented in this thesis analyzed 
the wind behavior in different stations according to time on daily, monthly and 
year] bases and that was done for Abu Dhabi data for the period from 1 99 1  to 
1 996 . Other stations wind data have also been analyzed for 1 996 and that 
include AI-Ain, ShaIjah and Fujeirah . It is noticeable that Abu-Dhabi hourly 
" ind represents a potential source for energy between 09:00 am to 08 :00 p .m.  
e 05 :00- 1 6 :00 GMT ) .  During these times the wind mean speed exceeds 
3 . 5 m/s which is regarded as the minimum wind speed for the generation of 
power by small wind turbine, with peak wind mean speed around 04 :00 p .m . .  
It is  also worth mentioning that the wind speed reaches about 5 mls in the 
afternoon and that is the time when the maximum energy is required especially 
during the hot months .  Furthennore, that is the same case for the other station 
except AI Ain where two peaks are observed, the first is in the afternoon time 
around 04 :00-06 :00 p .m.  local time, and the second is around 1 0 :00 in the 
morning. The occurrence of the two peaks in AI-Ain mainly due to local low 
pressure and the previously mentioned weather systems like Elnashi and the 
extension of Shamal wind phenomenon to AI-Ain area and the effect of 
Alkaus . 
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The long term wind monthl data with mean mean maxunum extreme 
and gust are shown in Tables ( 3 . 5 -3 . 1 1 ) . The data in the Tables clearly show 
that the month of M arch is the month with highest mean and mean mcOOmum 
wind for Abu Dhabi Bateen and AI-Ain stations with the highest value at 
AI-Ain ( 5 .36 m/s ) .  The data al 0 show that the summer months ( mainly May, 
J une and J ul ) ha e higher values of wind speed' mean and mean maximum. 
Thi i mainly due to the sea-land breeze which is  more profound during these 
times because of the big contrast between land and sea temperatures. Fujeirah 
an exception the highest wind speed reported was during the winter months 
and that is mainly because of the intervention of Shamal wind through the 
mountains causing strong winds at times. Also it is important to state that even 
with low average winds there are times when wind speed reaches a destructive 
speed ( > 30 m/s ) and that i s  usually associated with thunderstorm activities 
( 5 - 8 days a year ), this kind of wind is not widely spread and it usually 
affects small areas only. 
By analyzing the data which give the wind speed at 50 meters above the 
surface, it is found that even with places showing low mean wind speed, the 
predicted wind speed at 50 meters are promising especially for areas l ike 
Al- Ain, Bateen ( Abu-Dhabi city ) and Fujeirah. But again the values given for 
( n ) are to be more precisely and scientifically determined to get more accurate 
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re ult and there hould be wind speed measurements at different ele ation 
before the theoretical results are assumed reliable .  
Another significant parameter i the percentage frequencies of certain 
wind speed . For Abu-Dhabi airport about 50% of the wind speeds exceed 
3 5 rnJ i t  i lower during October up to January, and about 20% or more of 
the wind speed exceeds 5 .6 m1s during February up to September, and only 
about 1 .60 0 of annual wind speeds are calm . That is also nearly the same for 
Dubai airport . Almost the same is for Bateen ( Abu-Dhabi city ) , but the 
frequencies of calm are more ( 1 1 . 5% ) . 
Table of percentage frequencies for hourly wind speed in 1 996 shows that 
most of the stations have 45% or more of wind speed in excess of 3 . 5  mls 
except Ras Al-Khaimah and Shmjah, also Ras al Khaimah has the highest 
frequency of calm wind ( 1 9 . 7  % ) . 
By looking at the maximum theoretical power available in the wind, it is clear 
that the power varies significantly with the wind speed and again with an 
exception of March, the summer months are the months with the highest power 
output. But that is not the case for Fujeirah which has no distinguish wind 
pattern. 
6.3 Pote n ti a l  of Renewable Sol a r  a n d  W i n d  Resou rces 
i n  AE.  
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From the results it I S  concluded that UAE receIves about 
5 .96 kWhlm2/day on the average . That free energy can not be ignored and it 
houJd be uti l ized. In the following, some of the appl ication of racliation energy 
in the United Arab Emirates are given as an example of what we can do with 
this amount of energy: 
• Solar desalination in Abu-Dhabi ( Umm-Alnaar ) ;  a technical 
cooperation between Abu-Dhabi government and the engineering 
advancement association of Japan resulted in the construction of a 20,000 
gallon per day solar clistiller at Umm-Alnaar power station . This plant was 
commissioned in 1 984, working 24 hours a day because there are three 
storage tanks for heated water to be used during night and when needed.  
This clistil ler is one of the most efficient sea water clisti l ler in the UAE . 
• Beacon at Fujeirah airport; because of its location being sUITOlmded 
by hills and since those hil ls  are relatively inaccessible .  Beacon with 
photovoltaic cells as their power source were chosen over those hills to 
assist the pilots . 
• Pedestrian light; yellow l ight are powered by photovoltaic cells in 
Dubai and AI-Ain cities.  
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The abo e applications are good indicators that there is a good well in 
utihzation of the free energy we are receiving every day. But lmtil know only a 
mall fraction of radiation energy is been uti l ized it is the first step, and more 
ad ancement should be done in this field. 
We might not be able to solely depend on solar energy in short run but at 
lea t solar energy should be uti l ized and incorporated in the hybrid power 
s stem a system that uses both conventional generator and renewable energy 
ource l ike a photo oltaic .  
Wind is not that much promising as an energy source because of relatively 
low wind speeds except for small wind turbine, but that does not mean this is a 
final conclusion since as we notice from the tables presented in this thesis, at 
higher elevation for certain station we have a good potential of wind power 
generation site. Also, keep in mind that the record we have are from 
aeronautical meteorological stations, since those stations are usually selected in 
areas of low wind speed for aviation safety and those stations supposed to be 
as far as possible from obstructions and high land areas which might be used as 
an areas with potential high wind speed. So depending on the data presented, 
areas near coast, very close and even off shore are the areas with good 
potential of higher wind. Other areas, for example Al-Ain shows a promising 
site for small wind turbine . 
ABBREVIA TIONS 
olar Rad iation: 
a, b Regression coefficients. 
Gsc Solar constant ( 1 376 W/sq . m ) .  
h Elevation of the location, in krn. 
H Monthly mean of daily measured total radiation ( kWhlm2 ) .  
Monthly mean daily extraterrestrial radiation ( when n and 8 
taken for the average day) . 
( HD 1 H )  Fraction of radiation which is diffuse. 
KT Clearness index ( KT = HI Ho ) . 
n ( radiation calculation ) Is the day of the year, starting from 1 
1 7 1  
January and February i s  taken to  contain 28 days ( 1� n � 365) .  
R (RH ) Monthly mean daily relative humidity in percentage ( % ) . 
( S/So ) Maximum possible sunshine hours in percentage. 
Monthly mean of daily maximum daylight hours. 
S Monthly mean daily measured sunshine duration ( hours ) .  
T Monthl mean daily maximum temperature ( degrees Celsius ) .  
W Monthly mean correction factor. 
Ols Sunset hour angle in degrees . 
Declination angle in degrees. 
9z Zenith angle in degrees. 
Ol Hour angle in degrees. 
The Wind : 
1 7 2  
A 
GMT 
n 
Rotor swept are� exposed to the wind (m2), A = 7t x D2/4 . 
Greenwich mean time ( local time in UAE = GMT + 4 hours ) .  
( wind power calculation ) A coefficient varying 
from 0 . 1 0  to 0 .40 .  
P Power in Watts. 
V Wind speed ( mls ) .  
Vo Observed wind speed at height flo above the ground. 1 0  meters 
is the usual height given to Ho. 
V Wind speed at altitude H.  
p Air density (= 1 .225  kg/m3) .  
SUBSCRIPTS 
Alna er s model . 
P Page' s model . 
R Rietveld 's  model or equation. 
G M  Glover and McCulloch' s  model . 
G Gopinathan' s model or equation . 
D Diffuse radiation 
o Extraterrestrial radiation 
Examples: 
H Calculated total radiation using Alnaser' s  model .  
Hp( R) Calculated total radiation using Page ' s  model and Rietveld 
regression coefficient . 
1 3 
i r  Pressure 
Anemometer 
Atmosphere 
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GLOSSARY 
The pressure exerted by the weight of air above a given 
point . Usually expressed in millibars ( mb ) or inches of 
mercury ( mg ) .  
An instrument designed to measure wind speed. 
The envelope of gases that surround a planet and are 
held to it by the planet' s  gravitational attraction . The 
earth' s  atmosphere is mainly nitrogen and oxygen . 
Beam Radiation Also known as direct radiation and it is  the solar 
radiation received from the SUfi without having been 
scattered by the atmosphere . 
Diffuse Radiation The solar radiation received from the sun after its 
direction has been changed by scattering by the 
atmosphere. ( diffiIse radiation is referred to in some 
meteorological literature as sky radiation or solar 
sky radiation ) . 
I T  
l i mate The accumulation of dai ly and seasonal weather events 
over a long period of time. 
Declination ( 8 )  That is, the angular position of the SlUl at solar noon 
with respect to the plane of the equator, north positive . 
-23 .45°::; 8 ::;  23 .45° .  
Divergence 
Front 
Fog 
Haze 
An atmospheric condition that exists when the winds 
cause a horizontal net outflow of air from a specific 
regIOn. 
The transition zone between two distinct air masses. 
A cloud with its base at the earth's surface.  It reduces 
visibility to below 1 km.  
Fine dry or wet dust or salt particles dispersed through 
a portion of the atmosphere. Individually these are not 
visible but cumulatively they will diminish visibility. 
Hour Angle ( co )  That is, the angular displacement of the sun east or 
west of the local meridian due to the rotation of the 
earth on its axis at 1 5 ° per hour, morning negative, 
afternoon positive . 
Inter Tropical Convergence Zone ( ITCZ ) The boundary zone 
separating the northeast trade winds of the Northern 
Hemisphere from the southeast trade winds of the 
Southern Hemisphere . 
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Jet Stream Relatively strong winds concentrated withi.n a narrow 
band in the atmosphere . 
Knot A unit of speed equal to 0 . 5 1 5  rnI s .  
Latitude ( � ) That is, the angular location north or south of the 
equator, north positive, -90 :::; � :::; 90 
Meteorology The study of the atmosphere and atmospheric earth' s 
surface, oceans, and life in general . 
Mansoon Depressions Weak low-pressure areas that tend to form in 
response to divergence in the upper-level jet stream. 
The circulation around the low strengthens the 
mansoon wind system and enhances precipitation 
during the summer. 
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Man oon Wind y tern A wind system that reverse direction 
between winter and summer. Usually the wind blows 
from land to sea in winter and from sea to land in 
summer. 
Mean ( Average ) Day That is the day which has the extraterrestrial 
radiation closest to the average for the month . 
Relative Humidity The ratio of the amount of water vapor actually 
Siberian High 
in the air compared to the amount of water vapor the 
air can hold at that particular temperature and pressure . 
The ratio of the air's actual pressure to its saturation 
vapor pressure . 
A strong, shallow area of high pressure that forms over 
Siberia in winter. 
Solar Constant The energy from the Sull, per unit time, received on a 
unit area of surface perpendicular to the direction of 
propagation of the radiation at the earth' s  mean 
distance from the Sull, outside the atmosphere, the 
mean value of which is 1 376 Wm-2• 
ubtropica l  H igh 
Tem perature 
Troposphere 
1 8 
A semipermenant high in the subtropical hi gh 
pressure belt centered near 30° latitude . 
The degree of hotne s or coldness of a substance as 
measured by a thermometer. It i s  also a measure of the 
average speed or kinetic energy of the atoms and 
molecules in a substance .  
The layer of the atmosphere extending from the earth's 
surface up to the tropopause 
( about 1 0- 1 2  km above the ground) . 
Trough An elongated area of low atmospheric pressure . 
Vapor Pressu re The pressure exerted by the water vapor molecules in a 
given volume of air. 
Weather The condition of the atmosphere at any particular time 
and place . 
Wet-Bulb Tem peratu re The lowest temperature that can be 
Wind 
obtained by evaporating water into the air. 
Air in motion relative to the earth's surface .  
Wind Ro e 
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A diagram that shows the percent of time that the wind 
blows from different directions at a given location over 
a given time . 
Total Solar Radiation The sum of the beam and the diffuse radiation on 
Zenith Angle ( 8z ) 
a surface .  ( the most common measurements of solar 
radiation are total radiation on a horizontal surface, 
often referred to as global radiation ) . 
The angle subtended by a vertical line to the 
zenith ( the point directly overhead ) and the line of 
sight to the sun .  
1 0 
REFERENCES 
• Alnajjar and Khalil, Solar Energy Potential in the United Arab Emirates, 
ASME Emerging Energy Technology Symposium in Houston, PD-Vol . 66, 
pp. 1 37- 1 42 ( 1 995) .  
• Ahrens C .  Meteorology Today, 3rd Ed., West Publishing Company, 
Minnesota ( 1 988 ) .  
• Alnaser W. and Almudaifa H . ,  Total Solar Irradiation in  Bahrain, 
Applied Energy 42, 237-252  ( 1 992 ) .  
• Barr A .  G. ,  McGinn S .  M .  and Si Bing Cheng, A Comparison of Methods 
to Estimate Daily Global Solar Irradiation from other Climatic Variables on 
the Canadian Prairies, Solar Energy Vol . 56, No. 3 ,  2 1 3 -224 ( 1 996 ) .  
• Chiras D . ,  Environmental Science ( Action for Sustainable Future ), 3rd Ed. ,  
The Benjamin/Cummings Publishing Company, California ( 1 99 1  ) .  
• Duffie and Beckman, Solar Engineering of Thermal Processes, 
Wiley-Interscience Publication, New York ( 1 980 ) .  
• Eltayeb Eisa, Widatalla Abdalla and Al-Mehaideb R . ,  Analysis of  Wind 
Energy Potential in the United Arab Emirates, Dirasat Hundasia, 
Vol . 4, No. 1 ,  2 5-37 ( 1 99 1  ) .  
1 1 
• Glo er and McCulloch K. ,  Royal Meteorological Society, Vol . 48, No. 5 
56-60 ( 1 958  ) . 
• Gopinathan K.  Solar and Wind Technology, Vol . 5 ,  1 07- 1 09 ( 1 988 ) . 
• Gopinathan K. ,  Solar Energy, Vol . 4 1 , No. 6, 499-502 ( 1 988 ) . 
• Gourieres D . ,  Wind Power Plants ( Theory and Design ), pp . 1 7-32, 
Pergamon Press England ( 1 982 ) . 
• Guzzi Rodelfo and Justus C . ,  Physical Climatology for Solar 
and Wind Energy, pp. 972-985 ,  World Scientific Publishing Company, 
New Jersey ( 1 988 ) . 
• Hunt V . ,  Wind Power, pp. 68-83,  Van Nostrand Reinhold Company, 
New- York ( 1 98 1  ) . 
• Ibrahim Mustafa, The Solar Atlas of Jordan ( Master Thesis ), 
University of Jordan, Jordan ( 1 997 ) . 
• Khalil A. and Alnaijar A . ,  Experimental and Theoretical Investigation of 
Global and Diffuse Solar Radiation in the United Arab Emirates, 
Renewable Energy, Vol . 6 No. 5 -6, pp. 537-543 ( 1 995 ) . 
• Microsoft, MS Encarta 98 Encyclopedia, Microsoft Cooperation, 
USA ( 1 998 ). 
1 2 
• Mil ler G . ,  Environmental Science 4th Ed. ,  Wadsworth Publ ishing Company, 
California 1 993 ). 
• Ministry of Communication Report on Meteorological Services in UAB , 
Abu-Dhabi ( 1 993 ) .  
• Ministry of Communication ( Department of Meteorology ) ,  UAB Climate, 
Cultural Foundation Publ ication, Abu Dhabi ( 1 996 ) .  
• Montgomery C . ,  Environmental Geology, 3rd Ed. ,  Wm. C. Brown 
Publishers, IA. ( 1 992 ) .  
• Page 1 . ,  U.N. New Sources of Energy: Paper No. 5 1 98, ( 1 96 1  ) .  
• Rietveld M. ,  Agriculture Meteorology, Vol . 1 9, 243 ( 1 978 ) .  
• Robles-Gil S . ,  Climate Information for the Application of Solar Energy, 
pp . 45-70, World Meteorological Organization, Geneva ( 1 997 ) .  
• Saigo and Cunningham, Environmental Science ( Global Concern ), 
2nd Ed.,  Wm. C .  Brown Publishers, IA. ( 1 992 ) .  
• Sayigh A.  A. M. ,  Solar Energy Engineering, pp. 6 1 -8 1 ,  Academic Press, 
New- York ( 1 977  ) .  
1 83 
• Stelios Pashardes artd Constarttinos Christofides, Statistical Analysis of 
Wind Speed artd Direction in Cyprus, Solar Energy Vol . 5 5, No. 5 ,  
405-4 1 4  ( 1 995 ) .  
• Thomas M. ,  H . ,  Post artd A. Vartarsdall ,  Photovoltaics, p. 30, 
Sartdia National Laboratories, Virginia ( 1 994 ). 
• WMO Technical Note No. 1 72 ,  Meteorological Aspects of the Utilization 
of Solar Radiation as art Energy Source, World Meteorological 
Organization, Geneva ( 1 98 1  ) .  
• WMO Technical Note No. 1 75 ,  Meteorological Aspects of the Utilization 
Of Wind as an Energy Source, World Meteorological Organization, 
Geneva ( 1 98 1 ) .  
• WMO Guide to Meteorological Instruments artd Methods of Observation 
( WMO No. 8 ), 6th Ed. , World Meteorological Organization, 
Geneva ( 1 996 ) .  
• Yacob Mulugetta and Frances Drake, Assessment of Solar and Wind 
Energy Resources in Ethiopia. II . Wind Energy, Solar Energy 
Vol . 5 7, No. 4, 323-334 ( 1 996 ) .  
J.... II·JI � "'A>�JI t �)14 �\:ill  4,j.Jtio �.J ( Total Radiation ) � II'A'�.ll t �)11 
oi....A ;0.1 )';'-; ",W G .  '''A>�.ll t�'il w� AJj� �i , J:, ( Alnaser' s model ) \ . j 1.$ • • �. 
(' J I "i, � Y � �.JA .b,j\ � � .J  ' ( Solar Radiation ) 


